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The  characteristics  of  atomic  and  ionic  fluorescence 
excited  by  a  pulsed  dye  laser  in  the  inductively  coupled 
plasma  (ICP)  using  two  different  torch  designs  have  been 
investigated.   Vertical  distributions  of  atomic  and  ionic 
fluorescence  intensities  for  calcium  and  yttrium  were 
directly  obtained  in  the  central  axis  of  the  plasma  with- 
out the  need  of  an  Abel  inversion  procedure  and  thermally- 
assisted  fluorescence  intensities  were  found  not  to  follow 
a  Boltzmann   distribution.   The  usefulness  of  the  ICP 
as  an  atomization  or  ionization  cell  in  fluorescence 
spectrometry  is  also  discussed. 
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Fluorescence  lifetimes  provide  valuable  informa- 
tion concerning  quenching  processes  occurring  in 
different  gas  compositions.   In  an  ICP,  the  inert  gas 
atmosphere  would  seem  to  provide  a  high  quantum  yield 
for  atomic  fluorescence  studies.   The  determination  of 
atomic  excited-state  lifetimes  in  an  ICP  was  carried 
out  and  from  the  ratio  of  the  observed  lifetime  to  the 
natural  radiative  lifetime,  quantum  efficiencies  were 
calculated  for  various  heights  in  the  ICP  for  two 
different  torch  designs.   With  the  laser  system  used, 
single  shot  fluorescence  lifetimes  greater  than  about 
4  ns  could  be  measured  without  any  deconvolution  of  the 
laser  pulse  being  needed. 

The  ICP  is  not  only  useful  as  an  atomization  cell 
for  emission  or  fluorescence  spectrometry.   In  this  work, 
an  ICP  was  also  used  as  an  excitation  source  for  fluores- 
cence measurements  in  a  second  ICP.   A  high  concentration 
of  the  analyte  element  was  aspirated  into  the  ICP  used 
for  excitation  while  aspirating  increasing  concentrations 
of  the  same  element  into  the  ICP  used  for  atomization. 
Characteristics  of  the  dual  ICP  configuration,  such  as 
vertical  distributions  of  atomic  and  ionic  fluorescence 
intensities,  curves  of  growth,  chemical  and  spectral 
interferences  and  detection  powers  are  discussed. 
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CHAPTER  I 
INTRODUCTION 


The  inductively  coupled  plasma  (ICP)  is  the  best 
simultaneous  multielement  atomic  emission  spectrometry 
(AES)  excitation  source  for  the  analysis  of  major,  minor 
and  trace  elements  in  various  materials,  because  of  high 
sensitivities,  wide  dynamic  ranges  and  freedom  from 
chemical  and  ionization  interferences  (1) .   In  spite  of 
these  advantages,  there  are  a  number  of  difficulties 
associated  with  the  use  of  ICP-AES,  notably  the  occurrence 
of  spectral  interferences,  the  need  for  careful  optimiza- 
tion to  minimize  multiplicative  interferences  and  the 
variation  in  nebulization  efficiency  caused  by  variation 
in  solution  viscosities  (2,  3).   Because  of  the  high 
temperature  in  the  ICP,  the  spectra  are  rich  in  lines 
and  even  the  use  of  a  high  resolving  power  monochromator 
does  not  enable  all  the  analytically  useful  lines  to  be 
used  in  certain  analyses. 

In  principle,  fluorescence  techniques,  although 
requiring  an  intense  primary  excitation  source,  should 
be  effective  in  avoiding  spectral  interferences.   Atomic 
fluorescence  techniques  using  a  xenon  arc  lamp  (4) , 
electrodeless  discharge  lamps  (EDLs)  (5)  ,  hollow  cathode 


lamps  (HCLs)  (6),  ICP  emission  (7)  and  a  pulsed  tunable 
dye  laser  (8)  as  primary  excitation  sources  have  been 
reported  for  flame  atomization.   Limits  of  detection  (LODs) 
were  improved  using  laser  excitation  (9) ,  some  of  which 
were  equivalent  to  or. better  than  those  in  flame  atomic 
absorption  spectrometry  (AAS)  and  ICP-AES.   However, 
in  a  flame,  chemical  and  ionization  interferences  are 
often  observed  and  poor  detection  powers  for  refractory 
elements  cannot  be  avoided.   These  should  be  improved 
by  using  the  ICP  as  an  atomization  cell,  because  of  its 
high  temperature,  high  electron  number  density  and 
relatively  long  residence  time  of  the  analyte.   The  high 
volatilization  efficiency  achieved  in  the  ICP  also  should 
minimize  the  scattering  of  excitation  radiation.   Further- 
more, quenching  effects  caused  by  molecular  species  should 
be  less  compared  with  combustion  flames. 

In  this  work,  for  the  laser-excited  ICP  technique, 
an  attempt  will  be  made  to  determine  (i)  the  principle 
factors  affecting  fluorescence  sensitivities  in  the  ICP; 
(ii)  the  existence  of  thermally-assisted  fluorescence  in 
the  ICP  and  the  use  of  this  technique  for  temperature 
measurements;  (iii)  the  effect  of  the  RF  (radio-frequency) 
power  and  carrier  argon  flow  rate  on  fluorescence  intensi- 
ties and  excitation  temperatures;  (iv)  the  variation  of 
excitation  temperatures  with  increasing  observation  height 
in  the  plasma;  (v)  the  presence  of  chemical  and  spectral 


interferences;  (yi)  the  magnitude  of  the  quantum  efficiency 
in  the  ICP  and  (vii)  the  best  plasma  observation  regions 
and  torch  design  for  analytical  atomic  and  ionic  fluorescence 
measurements  in  the  ICP. 

Finally,  the  ICP  spectral  irradiance  will  be  used  as 
an  excitation  source  for  fluorescence  measurements  in  a 
second  ICP.   In  this  case,  an  effort  will  be  made  to  deter- 
mine (i)  the  viability  of  ICP  emission  as  an  excitation 
source;  (ii)  the  best  plasma  observation  regions  for  atomic 
and  ionic  fluorescence  measurements  in  the  ICP  using  the 
extended-sleeve  torch;  (iii)  the  suitability  of  detection 
powers  for  trace  element  analysis;  (iv)  the  presence  of 
chemical  and  spectral  interferences  and  (v)  the  factors 
limiting  the  measurements  in  this  technique. 


CHAPTER  II 
DIAGNOSTICAL  STUDIES  OF 
LASER-EXCITED  ATOMIC  AND  IONIC  FLUORESCENCE 


Introduction 

Laser-excited  atomic  fluorescence  spectrometry 
(LEAFS)  is  a  useful  technique  for  measurement  of  plasma 
diagnostics  such  as  the  spatial  distribution  of  analyte 
species  and  of  the  temperatures  in  a  small  volume. 
When  the  data  are  obtained  by  emission  or  absorption 
techniques,  an  Abel  inversion  procedure  (10)  is  applied 
to  convert  the  lateral  values  into  radially  resolved 
information.   However,  the  Abel  inversion  technique  has 
some  difficulties  in  practice;  precise  measurements  of 
the  lateral  intensity  at  20  or  more  points,  the  exact 
locations  of  the  center  and  the  edge  of  the  plasma,  the 
exact  symmetry  of  the  plasma  and  the  solution  of  the 
integral  equation  by  a  computer  are  required.   The 
fluorescence  technique  is  well-suited  to  obtain  spatially 
resolved  information  directly  without  an  Abel  inversion 
procedure  (11)  .   Relative  spatial  profiles  of  barium 
ion  and  atom  in  the  ICP  using  laser-excited  fluorescence 
have  already  been  reported  (12). 


The  LEAFS  technique  is  also  well-suited  for  the 
determination  of  analyte  excited-state  lifetimes. 
Lifetimes  of  sodium  atoms  in  various  flame  gas  composi- 
• tions  have  previously  been  reported  (13,  14).   The 
fluorescence  lifetimes  provide  valuable  information 
concerning  quenching  processes  occurring  in  different 
gas  compositions.   The  sodium  lifetime  in  an  air- 
acetylene  flame,  for  example,  was  reported  by  Russo  and  Hieftje 
to   be.,   less  than  1  ns  (14).   Fluorescence  quenching 
by  flame  gas  molecules  obviously  plays  a  significant 
role  in  the  short  lifetime  of  sodium  as  compared  to  its 
natural  radiative  lifetime  of  16.2  ns . 

The  diagnostics  that  this  chapter  will  deal  with 
are   (i)  characteristics  of  atomic  and  ionic  fluorescence; 
(ii)  vertical  distributions  of  atomic  and  ionic 
fluorescence  intensities;  (iii)  collisional  redistribution 
of  radiatively-excited  levels  and  utilization  of  the 
thermally-assisted  process  for  temperature  measurements ; 
(iv)  horizontal  distributions  of  fluorescence  intensities; 
(v)  the  effect  of  the  RF  power  on  the  excitation 
temperatures  and  fluorescence  intensities;  (vi)  vertical 
distributions  of  the  excitation  temperatures  and 
fluorescence  intensities;  (vii)   interelement  effects; 
(viii)  spectral  interferences   and  (ix)  determination 
of  excited  atom  lifetimes. 


Theoretical  Considerations 
Types  of  Fluorescence 

Basically,  there  are  five  types  of  atomic 
fluorescence  transitions.   Resonance  fluorescence  results 
when  the  same  lower  and  upper  levels  are  involved  in  the 
excitation  and  deexcitation  processes.   Direct-line 
fluorescence  occurs  when  the  same  upper  level  is  involved 
in  the  excitation  and  deexcitation  processes.   If 
different  upper  levels  are  involved,  stepwise-line 
fluorescence  results.   Sensitized  fluorescence  results 
when  one  species,  called  the  doner,  is  excited  and 
transfers  its  energy  to  another  species,  called  the 
acceptor,  which  then  deexcites  radiationally .   Lastly, 
multiphoton  fluorescence  occurs  when  two  or  more  photons 
excite  a  species  which  then  deexcites  radiationally. 

The  fluorescence  process  is  termed  Stokes  if  the 
energy  of  excitation  is  greater  than  the  fluorescence 
energy.   The  process  is  termed  anti-Stokes  if  the 
fluorescence  energy  is  greater  than  the  excitation  energy. 
If  the  excitation  and  fluorescence  processes  involve  only 
excited  levels,  this  is  termed  excited-state  fluorescence, 
If  the  excitation  process  involves  collisional  excitation 
following  the  radiational  excitation,  the  process  is 
termed  thermally-assisted  fluorescence. 


Temperature  Measurement  Techniques 

The  process  of  thermally-assisted  fluorescence 
consists  of  measuring  the  fluorescence  from  collisionally- 
excited  states  after  radiative  excitation.   If  the 
collisional  rates  are  fast  enough  to  allow  a  new 
Boltzmann  distribution  during  the  laser  pulse  from  the 
thermally-assisted  fluorescence,  the  temperature  in 
small  volumes  can  be  measured  (15)  .   A  Boltzmann  plot 
can  be  obtained  by  plotting  In  (Bp  X/gA)  versus  the 
energy  of  the  upper  levels  involved,  where  Bp  is  the 
fluorescence  signal,  A  is  the  wavelength  of  the 
transition  and  gA  is  the  multiplicity  of  the  level  times 
the  Einstein  coefficient  of  spontaneous  emission.   The 
temperature  can  be  calculated  from  the  slope  of  this 
distribution  which  is  equal  to  -1/kT.   Furthermore,  other 
than  the  thermally-assisted  fluorescence  technique,  four 
other  kinds  of  two-line  atomic  fluorescence  temperature 
measurement  techniques  have  been  reported  (16) ,  some  of 
which  were  successfully  applied  to  the  measurements  of 
small  volume  flame  temperatures  (17,  18).   In  each  of 
these  cases,  a  Boltzmann  distribution  involving  either 
the  excited-state  after  radiational  excitation  and 
collisions  (thermally-assisted  case) ,  or  the  ground  and 
metastable  levels  (in  the  other  cases)  must  be  assumed. 
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Two  of  these  temperature  measurement  techniques 
will  be  considered  here.   The  first  is  the  conventional 
two-line  linear  fluorescence  method.   In  this  case,  it 
has  been  shown  (19-21)  that  the  ratio  of  the  anti-Stokes 
to  the  Stokes  direct  line  fluorescence  signals  obtained 
when  a  thallium  solution  is  aspirated  in  a  flame  and 
excited  by  a  spectral  continuum  source  allows  calcula- 
tion of  the  flame  temperature.   If  saturation  of  the 
optical  transition  (when  the  process  of  stimulated 
emission  balances  that  of  absorption)  does  not  occur, 
then  the  flame  temperature  is  given  by  (11) 


5040  V2 
"  log/EA23\+  6  log/A23\+  log  /rhF(X52)V 


where   V2     =   excitation  energy  of  the  metastable 

level  2  (eV) ; 

E,     =   source  spectral  irradiance  for  the 
A23 

the  excitation  transition  2-»-3 

rT   "2   -1    -1.* 
(J  cm   s   nm  )  ; 

E,     =   source  spectral  irradiance  for  the 
A13 

excitation  transition  1*3 

n    -2   -1    -1, 
•(J  cm   s   nm  )  ; 

X2_     =  wavelength  of  the  transition  2^3 

(nm)  ; 


A  _    =  wavelength  of  the  transition  1+3 
(nm)  ; 

F(A^?)  =   fluorescence  irradiance  for  the  ■■ 

-2   -1    -1 
transition  3->-2  (J  cm   s   nm  )  ; 

and 

p 
FOt-i)  =   fluorescence  irradiance  for  the 

-2   -1    -Is 
transition  3->-l  (J  cm   s   nm  )  . 

The  second  is  the  saturation  two-line  fluorescence 
method.   Assuming  that  optical  saturation  can  be  achieved 
and  that  the  fluorescence  waveform  can  be  temporally 
resolved  and  measured  with  a  gated  detector  having  a 
gate  much  smaller  than  the  fluorescence  waveform,  the 
temperature  can  be  calculated  from  the  following  relation 
(ID 


'  S   .  /g2  +  «5V«A  e(V2/kT)  (2.2) 


BF  3-1     [  §1  +  « 
2-3 


where   Bp  -  ,  =  peak  fluorescence  signal  for 


the 


1*3  ,T   -2   -1    -1, 

resonance  process  (J  cm   s    sr   )  ; 

■a 

F  3-1   =  peak  fluorescence  signal  for  the  anti 
Stokes  process  (J  cm   s    sr   ) ; 
g       =  multiplicity  of  the  level; 
V2      =   excitation  energy  of  the  metastable 
level  2  (J) : 
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-23 
k      ■  Boltzmann  constant  (1.380  x  10 

J/K) ;  and 

T      =   temperature  (K) . 

In  this  case,  the  ratio  of  the  resonance  to  the  anti- 
Stokes  fluorescence  allows  calculation  of  the  tempera- 
ture.  Since  the  same  frequency  of  fluorescence  is- 
involved,  no  calibration  of  the  optical  system  (as 
required  for  the  linear  two-line  flourescence  method)  is 
needed.   However,  it  is  necessary  that  saturation  of  both 
excitation  processes  be  accomplished  and  that  fluorescence 
measurements  be  done  only  during  the  early  interval  of 
fluorescence  where  2 -level  saturation  is  achieved. 

Excited  Atom  Lifetimes 

Fluorescence  lifetimes  provide  valuable  informa- 
tion concerning  quenching  processes  occurring  in 
different  gas  compositions.   Flame  gas  molecules  play  a 
significant  role  in  the  quenching  of  fluorescence.   In 
an  ICP,  however,  the  inert  argon  atmosphere  would  seem 
to  provide  a  high  quantum  yield  for  atomic  fluorescence 
studies.   With  the  present  laser  system,  single  shot 
fluorescence  lifetimes  greater  than  about  4  ns  can  be 
measured  without  any  deconvolution  of  the  laser  pulse 
being  needed.   Measurements  of  the  actual  mean  lifetime 
(t)  of  the  excited  atoms  in  the  ICP  provides  a  way  to 
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determine  absolute  fluorescence  quantum  yields  by- 
using  the  relation 


Y  =  x/Tsp  (2-3) 

where    Y  =  quantum  efficiency  (dimensionless) ; 


x   =  measured  lifetime  (s) ;  and 
sp 


x    =  1/A-,  where  A01  (s~  )  is  the  Einstein 

so     '21        21     ' 


coefficient  of  spontaneous  emission. 
If  level  2  can  combine  with  other  lower  levels,  then 

When  several  radiative  transitions  are  possible,  then 
each  individual  quantum  efficiency  can  be  calculated 
provided  that  the  branching  ratios   are  known  (13,  14, 
22-25). 

It  would  seem  that  the  smaller  the  difference 
there  is  in  energy  between  levels  near  to  the  laser- 
excited  level,  more  efficient  collisions  would  occur  and 
energy  would  be  more  easily  transferred  to  these  other 
levels  resulting  in  a  short  lifetime,  compared  to  the 
natural  radiative  lifetime.   It  will  be  shown  that, 
depending  on  the  element  and  the  number  of  levels  near 
the  laser-excited  level,  the  quantum  efficiency  in  the 
ICP  ranges  from   -0.1-1.0. 
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To  confirm  the  results  obtained  for  the  quantum 
efficiency  in  the  ICP,  the  fluorescence  ratio  of  the 
two  sodium  D  lines  for  D-    (589.592  nm)  and  D2  (588,995  nm) 
excitation  was  examined.   It  has  been  shown  by  Omenetto 
et  al.  (26)  that  when  excitation  at  the  D2  line  is  used, 
the  fluorescence  ratio  of  the  two  lines  is 


V  A 

21  21 

R13  ■  2  ♦  J±  *      "                  (2-5) 

i.o       K32  K32 

where   k--,   =  quenching  rate  constant  (s   )  ; 
k_2   =  mixing  rate  constant  (s   ) ;  and 
A-,   =  Einstein  coefficient  of  spontaneous 
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emission  (s~  ) 


Therefore,  if  a  high  quantum  efficiency  atomization  cell 
is  used,  the  quenching  rate  constant  and  the  Einstein 
coefficient  will  be  small  compared  to  the  mixing  rate 
constant  and  the  ratio  of  the  two  D  lines  will  approach 
the  limiting  value  of  2. 

Also,  it  has  been  shown  (26)  that  when  excitation 
at  the  D..  line  is  used,  the  ratio  of  the  two  lines  is 

2 

R12  "  E A" —  (2-6) 

11         ,    *31   A31 

K32    K32 
Again,  the  ratio  for  the  two  D  lines  will  approach  2  if 
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the  mixing  rate  constant  is  large  compared  to  the  quench- 
ing rate  constant  and  Einstein  coefficient. 

Experimental 

Instrumentation 

A  block  diagram  of  the  laser-excited  ICP  system 
is  shown  in  Figure  2-1.   Organic  laser  dyes  used  are 
listed  in  Table  2-1. 

The  nitrogen  laser  (Molectron  Corp.  UV-14, 
Sunnyvale,  CA)  was  operated  under  the  following  condi- 
tions:  26-28  kV  applied  high  voltage,  50  torr  nitrogen 
pressure  in  laser  channel  and  20  Hz  repetition  rate. 
The  dye  laser  (Molectron  Corp.  DL  200),  which  was  pumped 
by  the  nitrogen  laser,  contained  six  static  dye  cells 
in  a  carousel  arrangement.   Each  cell  could  hold  approxi- 
mately 2  mL  of  dye  solution  which  was  magnetically 
stirred  during  the  laser  operation.   The  output  of  the 
dye  laser  had  an  approximately  3-4  ns  pulse  width  and 
approximately  1-200  uJ  peak  power  depending  on  the  dye 
and  wavelength.   The  ICP  (Plasma-Therm  1500D,  Kresson, 
NJ)  was  operated  under  various  RF  powers  and  argon  flow 
rates.   These  conditions  will  be  outlined  in  detail 
later.   The  fluorescence  was  imaged  on  the  entrance 
slit  of  a  350  mm  focal  length  monochromator  (Heath  Co. 
EU-700,  Benton  Harbor,  MI;  now  GCA  Corp.,  McPherson 
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Instruments,  Acton,  MA).   The  entrance  and  exit  slit 
widths  were  0 . 5  mm  and  the  slit  height  was  3  mm.   The 
photomultiplier  (Hamamatsu,  Inc.  R928  or  R212UH,  Middle- 
sex, NJ)  was  operated  at  -1000V  (Pacific  Precision 
Instruments  HV  Supply,  Concord,  CA)  and  the  output 
signal  connected  to  the  boxcar  averager  (EG  §  G,  Inc., 
Princeton  Applied  Research  162/164,  Princeton,  NJ)  via 
an  amplifier  with  a  gain  of  10  (Comlinear  Corp.  CLC100, 
Loveland,  CO).   The  photoelectric  pulse  from  the 
laboratory-constructed  photodiode  circuit  was  used  as 
a  trigger  signal  for  the  boxcar  averager.   The  photo- 
multiplier  base  was  modified  for  fast  response  (27) . 
The  output  from  the  boxcar  was  integrated  for  10s   using 
a  laboratory-constructed  integrator  and  the  output 
displayed  on  a  digital  voltmeter  (John  Fluke  Mfg.  Co., 
Inc.  8000A,  Seattle,  WA) .   For  the  temperature  measure- 
ments, a  strip  chart  recorder  (Fisher  Scientific  Co. 
5000,  Pittsburgh,  PA)  was  utilized  and  calibration  of 
the  spectral  response  of  the  detector  system  was 
performed  with  a  standard  tungsten  lamp  (Optronics 
Laboratories,  Inc.,  Orlando,  FL) .   The  ICP  operating 
parameters  for  the  various  diagnostical  studies  follow. 

Short  torch.   The  short  torch  (Plasma-Therm  T1.0) 
was  utilized  for  the  study  of  vertical  distributions 
of  relative  fluorescence  and  emission  intensities  for 
calcium  ion  and  atom  as  well  as  the  vertical  distributions 
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of  relative  excited-state  thermally-assisted  fluorescence 
and  emission  intensities  for  yttrium  ion.   For  these 
studies,  the  RF  power  of  the  ICP  was  1.0  kW,  the  plasma 
support  argon  flow  rate  was  15  L  min   and  auxiliary 
argon  was  not  used.   A  cross-flow  nebulizer  (Nippon 
Jarrell-Ash,  Kyoto,  Japan)  with  a  nebulizing  gas  pressure 
of  20  or  30  psig  produced  argon  flow  and  solution  uptake 
rates  of  0.93  and"  1.24  L  min"   and  1.13  and  1.43  mL  min   , 
respectively. 

Extended-sleeve  torch.   The  extended-sleeve  torch 
(Baird  Corp.,  Bedford,  MA)  was  used  for  studying  horizon- 
tal and  vertical  distributions  of  atomic  and  ionic 
fluorescence  intensities,  vertical  distributions  of. 
excitation  temperatures,  interelement  effects  and  the 
effect  of  the  RF  power  on  the  fluorescence  intensities 
and  excitation  temperatures. 

The  RF  powers  used  were  0.7  kW  for  the  atomic 
lines  of  calcium,  gallium,  strontium,  thallium  and  lead 
and  1.0  kW  for  the  atomic  lines  of  aluminium,  molybdenum, 
vanadium  and  for  all  the  ionic  lines,  except  for  the 
lines  of  yttrium  and  zirconium  where  1.2  kW  was  used. 
The  plasma  support  argon  flow  rate  was  15  L  min   and 
auxiliary  argon  was  not  used.   The  cross-flow  nebulizer 
was  operated  at  a  pressure  of  40  psig  which  produced 
argon  flow  and  solution  uptake  rates  of  1.7  L  min   and 
2.2  mL  min   ,  respectively. 
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Lifetime  studies.   A  block  diagram  of  the  experi- 
mental system  is  shown  in  Figure  2-2.   The  nitrogen 
laser,  dye  laser,  laser  dyes  and  laser  operating 
parameters  (Molectron  Corp.)  are  the  same  as  previously 
described.   The  output  of  the  dye  laser  was  focused  to 
a  3  mm  diameter  in  the  central  axis  of  the  ICP  (Plasma- 
Therm  1500D)  and  the  resultant  fluorescence  was  observed 
at  a  90  degree  angle  with  a  350  mm  focal  length  monochro- 
mator  (Heath  Co.  EU-700) .   The  ICP  was  operated  at  1.0 
kW  RF  power  and  15  L  min   plasma  support  argon  flow 
rate.   Auxiliary  argon  was  not  used.   Both  a  short  torch 
(Plasma-Therm  T1.0)  and  an  extended-sleeve  torch  (Baird 
Corp.)  were  examined.   Carrier  argon  nebulizing  pressures 
were  20  and  40  psig  for  the  short  and  extended-sleeve 
torches,  respectively.   The  photomultiplier  tube 
(Hamamatsu,  Inc.  R928)  was  operated  at  -1000V  (Pacific 
Precision  Instruments  HV  Supply)  and  the  base  modified 
for  fast  response  (27).   A  short  length  (approximately 
50  cm)  of  RG58U  cable  was  used  between  the  photomultiplier 
and  the  400  MHz   input.,  of  the  storage  oscilloscope 
(Tektronix,  Inc.  7834,  Beaverton,  OR)  to  avoid  distortion 
of  the  fluorescence  decay  curve.   The  photoelectric 
pulse  from  the  laboratory-constructed  photodiode  circuit 
provided  a  stable  trigger  for  the  oscilloscope.   The 
concentration  of  the  elements  used  was  either  100  or 
1000  lig  mL   with  care  being  taken  not  to  saturate  the 
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detector  system  by  checking  with  neutral  density  filters 
and  adjusting  the  slit  width  of  the  monochromator . 

Chemicals 

Stock  solutions  of  1000  ug  mL~  were  prepared  from 
the  pure  metal  when  possible  or  from  reagent  grade  chemicals, 
dissolved  in  the  minimum  amount  of  acid  and  succesively 
diluted  with  distilled/deionized  water. 

Results  and  Discussion 


Characteristics  of  Atomic  and  Ionic  Fluorescence  Using  a 
Short  Torch 


Laser-excited  atomic  fluorescence  has  been  carried 
out  mainly  in  a  flame  and  few  reports  of  ionic  fluorescence 
have  appeared  both  in  flames  (11)  and  ICPs  (12,  28,  29). 
In  the  analytical  region  (10-25  mm  above  the  load  coil) 
of  the  ICP,  atoms  are  largely  converted  into  ions. 
Consequently,  the  ICP  should  be  effective  as  an  ioniza- 
tion cell  for  ionic  fluorescence  spectrometry. 

The  relative  ionic  fluorescence  intensities  and 
gA  values  (30)  of  yttrium  obtained  under  the  conditions 
of  1.0  kW  RF  power,  15  L  min"   plasma  support  argon  flow 
rate,  20  psig  nebulizing  gas  pressure  and  an  observation 
height  of  15  mm  above  the  load  coil  are  given  in  Table 
2-2.   The  laser-excited  lines  are  listed  together  with 
dyes  and  energies,  which  were  roughly  measured  by  a 
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laboratory-constructed  energy  meter.   A  simplified 
energy-level  diagram  for  the  pertinent  transitions  is 
shown  in  Figure  2-3. 

Considering  the  relative  fluorescence  intensities 
obtained,  the  dominant  factor  which  affects  the  sensitivity 
seems  to  be  the  spontaneous  transition  probability 
(Einstein  coefficient  of  spontaneous  emission)  value 
of  the  fluorescence  line  (31)  .   The  second  factor  appears 
to  be  the  energy  difference  of  the  upper  levels  between 
the  laser-excited  and  fluorescence  lines.   In  this 
regard,  the  resonance  line  should  be  the  most  sensitive. 
However,  the  sensitivity  of  the  Stokes  or  anti-Stokes 
fluorescence  line  (32)  sometimes  exceeds  that  of  the 
resonance  line;  in  particular,  when  the  laser  energy  at 
the  resonance  line  is  weak,  as  shown  for  508.742  nm 
(excited  line)/371 . 030  nm  (fluorescence  line).   Further, 
thermally-assisted  fluorescence  (32)  is  fairly  sensitive 
when  the  difference  between  the  upper  levels  is  small, 
as  is  shown  for  383.288  nm/371.030  nm.   Excited-state 
fluorescence  (27)  intensities  are  relatively  stronger 
in  the  ICP  than  those  in  a  flame,  as  a  consequence  of 
the  increase  in  the  population  of  the  excited  lower 
level  because  of  the  higher  ICP  temperature  compared  to 
the  flame.   Similar  results  were  obtained  for  the  atomic 
fluorescence  of  iron  and  thallium  in  the  ICP. 
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Vertical  Distributions  of  Atomic  and  Ionic  Fluorescence 
Intensities  Using  a  Short  Torch 

The  spatial  distributions  of  species  densities 
of  the  plasma  support  argon  and/or  analyte  atoms  are 
important  for  plasma  diagnostics  (12) . 

Vertical  distributions  along  the  central  axis  of 
the  plasma,  which  are  difficult  to  obtain  exactly  by  the 
Abel  inversion  procedure  because  of  measurement  and 
calculation  errors,  contain  valuable  information  about 
the  excitation  process  in  the  ICP.   Here,  vertical 
distributions  of  ionic  resonance  fluorescence,  atomic 
resonance  fluorescence  and  excited-state  thermally- 
assisted  fluorescence  intensities  (32)  are  presented. 

The  vertical  distributions  of  fluorescence  and 
emission  intensities  for  calcium  ion  at  393.367  nm 
(0-25414  cm  )  at  carrier  argon  flow  rates  of  0.93  and 
1.24  L  min   are  shown  in  Figure  2-4.   Significant 
•differences  exist  in  the  distributions  between  fluorescence 
and  emission  intensities.   At  0.93  L  min   flow  rate, 
maximum  emission  exists  at  10  mm  above  the  load  coil 
and  that  of  fluorescence  at  20  mm.   When  the  carrier 
argon  flow  rate  increases  from  0.93  to  1.24  L  min"  , 
the  fluorescence  intensity  increases  and  the  maximum 
fluorescence  (peak)  is  slightly  shifted  to  a  higher 
position.   These  phenomena  are  mainly  due  to  the 
increase  of  the  transport  rate  of  calcium  into  the 
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plasma  and  of  the  ground-state  population  with  the 
decrease  in  temperature.   The  latter  is  confirmed  by 
the  decrease  in  emission  intensity  with  increase  of, 
carrier  flow  rate  (33) . 

The  vertical  distributions  of  fluorescence  and 
emission  intensities  for  calcium  atom  at  422,673  nm 
(0-23652  cm"  )  at  the  same  two  carrier  argon  flow  rates 
are  shown  in  Figure  2-5.   Again,  the  fluorescence 
distribution  reflects  the  population  density  of  the 
calcium  atom  ground-state,   Here,  a  more  rapid  decrease 
in  emission  and  fluorescence  intensities  with  increase 
in  observation  height  is  observed  at  both  carrier  argon 
flow  rates  as  compared  with  calcium  ion.   The  increase 
of  the  fluorescence  intensity  at  the  higher  carrier  gas 
flow  rate  (1.24  L  min"   compared  to  0.93  L  min"  )  is 
caused  by  an  increase  in  the  total  calcium  number  density 
resulting  fTom  an  increase  in  the  calcium  transport  rate 
and  by  the  increase  in  the  ground- state  population  with 
the  decrease  in  temperature.   Furthermore,  the  emission 
intensity  decreases  and  its  distribution  shifts  to  a 
higher  position  with  the  increase  in  carrier  gas  flow  rate. 

The  distributions  for  yttrium  ion  fluorescence 
at  371.030  nm  (1450-28394  on?1)  are  given  in  Figure 
2-6.   The  fluorescence  was  obtained  by  the  thermally- 
assisted  process  (32)  after  laser  excitation  at  383.288  nm 
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(1450-17532  cm"  ).   At  the  higher  sample  introduction 
rate  corresponding  to  1.24  L  min   carrier  argon  flow 
rate,  the  fluorescence  intensity  decreased  in  the  region 
of  10-20  mm  above   the  load  coil,  similar  to  the 
emission  at  371.030  nm.   The  decrease  in  fluorescence 
is  probably  due  to  the  decrease  in  population  of  the 
excited  lower  state  (1450  cm"  )  and  the  decrease  of  the 
thermal  collision  rate  of  the  analyte  (mixing  of  the 
27537  and  28394  cm"1  levels). 


Collisional  Redistribution,  of  Radiatively-Excited  Levels 
and  Utilization  of  the  Thermally-Assisted  Process  for 
Temperature  Measurements  Using  a  Short  Torch 

A  Boltzmann  plot  resulting  from  the  measurements 
of  yttrium  emission  intensity  (see  Figure  2-7)  is  linear, 
although  some  points  which  varied  widely  from  the  line 
were  omitted.   These  disparate  points  might  have  been 
due  to  systematic  errors  in  the  reported  gA  values  (30) . 
The  excitation  temperature  of  yttrium  ion,  calculated 
from  the  slope  (34),  is  4630K. 

A  plot  of  the  redistribution  of  thermally-assisted 
fluorescence   for  yttrium  using  laser  excitation  at 
383.288  nm  is  shown  in  the  lower  part  of  Figure  2-7. 
This  wavelength  was  chosen  for  laser  excitation  because 
of  the  higher  laser  output  power  compared  to  other  laser- 
excited  lines  (see  Table  2-2).   The  transitions  measured 
were  at  the  same  wavelengths  used  for  the  emission 
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measurements.   The  greater  the  energy  difference  between 
the  laser-excited  level  and  the  upper  states  of  the 
fluorescence  lines,  the  greater  the  deviation  from. the 
line,  which  would  be  drawn  assuming  a  Boltzmann  distribu- 
tion.  The  shape  of  the  plot  seems  to  be  symmetrical, 
but  the  fluorescence  intensities  in  low  excited  levels 
(23000-25000  cm"  )  could  not  be  detected  because  of  their 
small  gA  values.   Similar  plots  were  obtained  in  the 
ICP  for  the  atomic  fluorescence  of  iron  and  thallium. 
The  maximum  value  of  the  energy  difference  for  which 
thermally-assisted  fluorescence  can  be  observed  is  about 
1.2  eV  even  if  the  spontaneous  transition  probability  of 
the  thermally-assisted  level  is  high.   This  is  quite 
different  compared  to  flames  for  which  the  fluorescence 
of  levels  as  high  as  -2   eV  above  the  laser-excited  level 
could  be  observed. 

In  a  combustion  flame,  in  which  the  existence  of 
local  thermal  equilibrium  (LTE)  is  expected,  collisional  re- 
distribution of  radiatively-excited  levels  (Boltzmann 
law)  has  been  achieved-  For  gallium  and  thallium  in  an 
02-C-H2-Ar  flame  (35),  the  levels  above  the  laser- 
excited  level  were  found  to  follow  a  Boltzmann  distribu- 
tion.  The  slope  of  this  distribution  (equal  to  -1/kT) 
provided  an  excitation  temperature.   The  technique  using 
thermally-assisted  fluorescence  has  been  established 
for  small-volume  temperature  measurements  in  a  flame  (15, 
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16,  35).   However,  the  laser-excited  level  was  found  to 
be  slightly  overpopulated.   On  the  other  hand,  the  level 
below  the  laser-excited  level  was  underpopulated  with 
respect  to  the  Boltzmann  equilibrium. 

Two  kinds  of  two-line  fluorescence  temperature 
measurement  methods  (linear  and  saturation  with  sequential 
pumping  at  Y(II)  371.030  nm  and  Y(II)  508.742  nm  were 
carried  out  in  the  ICP.   The  saturation  two-line  method 
gave  erroneously  high  temperature  values  whereas  the 
linear  two-line  method  appeared  to  give  reasonable  values. 

One  of  the  differences  in  the  characteristics 
between  combustion  flames  and  the  ICP  is  the  existence 
of  major  molecular  species  in  a  flame,  such  as  CO,  CO2, 
N- ,  etc.   Since  atoms  in  a  flame  are  excited  and 
de-excited  by  collisions  with  molecular  species,  a  decrease 
of  mean  lifetimes  results,  compared  with  the  natural 
radiative  lifetime  (13) .   Laser-excited  atoms  are  thermally 
redistributed  by  collisions  with  molecular  species.   On 
the  other  hand,  the  ICP  is  not  in  complete  LTE,  which 
has  been  confirmed  from  temperature  calculations  (10, 
34,  36-41).   The  populations  of  plasma  support  gas  and 
analyte  species  are  each  described  by  a  Boltzmann 
distribution,  but  with  different  temperatures.   However, 
for  laser  excitation  in  the  ICP,  the  radiatively-excited 
level  is  overpopulated  and  the  other  levels  do  not 
follow  a  Boltzmann  distribution  with  a  reasonable 
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temperature  for  the  negative  slope  points  (see  Figure 
2-7).   A  temperature  of  ~2000K  was  obtained  when  a 
temperature  of  ~5000K  could  be  expected.   A  significant 
difference  appears  to  exist  in  the  excitation  mechanisms 
between  radiatively  (laser)  and  non-radiatively  excited 
atoms . 

■Horizontal  Distributions  of  Fluorescence  Intensities 
Using  an  Extended-Sleeve  Torch 

In  Figure  2-8,  the  horizontal  distributions  of 
ionic  fluorescence  intensities  for  Ca(II)  at  393.4/393.4  nm 
(indicated  as  excitation  A/fluorescence  A)  at  three 
heights  are  shown.   The  heights  of  5,  15   and  25  mm  above 
the  top  of-  the  extended-sleeve  torch  correspond  to  45,  55 
and  65  mm  above  the  load  coil,  respectively,  since  the 
outer  sleeve  of  the  torch  extends  for  40  mm  beyond  the 
top  of  the  load  coil.   In  this  experiment,  the  diameter 
of  the  dye  laser  at  the  ICP  position  was  about  3  mm  and 
the  width  and  height  of  the  monochromator  slits  were 
0.5  mm  and  3  mm,  respectively. 

These  distributions  indicate  the  spatially 
resolved  relative  number  densities  for  calcium  ion  above 
the  top  of  the  extended-sleeve  torch.   Every  distribu- 
tion has  a  symmetrical  profile  and  the  peak  maximum  is 
located  in  the  central  axis  of  the  plasma.   The 
fluorescence  intensity  decreases  and  the  distribution 
profile  becomes  slightly  wider  with  an  increase  in 
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observation  height.   Comparing  these  distributions  to 
those  obtained  with  a  conventional  short  torch,  however, 
the  extended-sleeve  torch  is  fairly  effective  in 
preventing  analyte  diffusion  into  the  surrounding  air. 


Effect  of  the  RF  Power  on  the  Excitation  Temperatures 
and  Fluorescence  Intensities  Using  an  Extended-Sleeve 
Torch 


The  RF  power  of  the  ICP  is  one  of  the  significant 
parameters  affecting  plasma  temperature  and  fluorescence 
intensity.   An  excitation  temperature  is  easily  obtained 
from  relative  emission  intensities  and  often  used  for 
the  discussion  of  plasma  diagnostics  (10,  33,  40,  41). 
In  Figure  2-9,  the  effect  of  the  RF  power  on  the  iron 
excitation  temperatures  at  5  mm  above  the  top  of  the 
extended-sleeve  torch  (45  mm  above  the  load  coil)  is 
shown.   The  temperatures  were  obtained  from  a  three-line 
slope  calculation  using  iron  atomic  emission  lines  at 
382.0,  382.4  and  382.6  nm.   Spectral  data  with  respect 
to  these  lines  have  been  summarized  previously  (33) . 
As  is  shown  in  Figure  2-9,  the  temperature  increases 
with  increase  in  RF  power  and  is  close  to  that  of  a 
combustion  flame.   The  excitation  temperature  using 
the  same  iron  lines  and  spectral  data  was  found  to  be 
4500K  under  the  conditions  of  1.0  kW  RF  power,  22  psig 
nebulizing  pressure  and  20  mm  observation  height  above 
the  load  coil  with  a  conventional  short  torch. 
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In  Figure  2-10,  the  effect  of  the  RF  power  on 
the  fluorescence  intensities  for  Ga(I)  at  403.3/403.3 
nm,  Mo(I)  at  386.4/386.4  nm,  Ca(II)  at  393.4/393.4  nm 
and  Y(II)  at  508.7/371.0  nm  at  a  5  mm  height  above  the 
top  of  the  extended-sleeve  torch  (45  mm  above  the  load 
coil)  is  shown.   The  intensity  of  the  gallium  atomic 
line  (a  non-refractory  element)  decreases  with  increase 
in  RF  power.   As  can  be  seen  from  Figure  2-10,  an  even 
lower  temperature  might  be  optimal  for  gallium.   However, 
RF  powers  below  0.7  kW  were  not  investigated.   The 
molybdenum  atomic  line  -(a  refractory  element)  indicates 
a  maximum  fluorescence  peak  at  1.0  kW  (3500K)  and 
calcium  ionic  fluorescence  at  about  0.9  kW  (3300K) . 
Similar  results  were  obtained  for  resonance  ionic 
fluorescence  for  barium  at  455.4  nm  and  for  strontium 
at  407.8  and  421.6  nm. 

In  contrast,  yttrium  ionic  fluorescence  at  508.7/ 
371.0  nm  (excited-state  anti-Stokes  type)  should  be 
measured  at  high  power,  as  is  shown  in  Figure  2-10. 
One  of  the  reasons  for  the  yttrium  results  might  be 
that  the  lower  level  of  the  laser  excitation  at 
508.7  nm  is  fairly  high  above  the  ground-state  (8743 
cm  ).   However,  similar  results  were  also  obtained 
for  other  yttrium  ionic  lines,  involving  the  resonance 
line  excited  from  the  ground-state  at  363.3  nm  and  also 
for  Zn(II)  431.7/349.6  nm. 
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Vertical  Distributions  of  the  Excitation  Temperatures 

and  Fluorescence  Intensities  Using  an  Extended-Sleeve 
Torch 


Vertical  distributions  of  the  iron  excitation 
temperatures  at  0.7  kW  and  1.0  kW  RF  powers  in  the 
central  axis  of  the  ICP  are  shown  in  Figure  2-11.   An 
Abel  inversion  procedure  was  not  carried  out  at  each 
iron  emission  intensity.   For  both  powers,  the  tempera- 
ture decreases  at  the  higher  observation  points.   At 
0.7  kW,  the  temperature  is  almost  equal  to  that  of  a 
N-O-C-H-  combustion  flame,  especially  at  the  higher 
positions . 

The  vertical  distributions  of  fluorescence  inten- 
sities along  the  central  axis  of  the  plasma,  for  Ga(I) 
403.3/403.3  nm  (0.7  kW) ,  Ca(II)  383.4/393.4  nm  (1.0  kW) 
and  Mo(I)  386.4/386.4  nm  (1.0  kW)  are  shown  in  Figure 
2-12.   All  three  elements  are  affected  by  lateral 
diffusion  to  the  same  extent,  but  in  the  case  of  calcium, 
the  decreasing  temperature  (see  Figure  2-11)  would  result 
in  a  depopulation  of  the  first  ionic  state.   Furthermore, 
because  of  the  formation  of  monoxides,  the  molybdenum 
fluorescence  intensity  decreases  even  more. 

The  background  intensity  level  at  5  mm  above  the 
top  of  the  extended-sleeve  torch  was  slightly  larger  than 
that  at  higher  positions.   However,  the  noise  level  was 
almost  the  same  at  all  heights  examined  with  this  torch. 
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Interelement  Effects  Using  an  Extended-Sleeve  Torch 

'  In  low  temperature  combustion  flames,  the  presence 
of  phosphorus  sometimes  reduces  the  absorption  or 
fluorescence  signal  intensity  because  of  the  formation 
of  refractory  compounds.   In  Figure  2-13,  the  effect  of 
the  presence  of  phosphorus  on  calcium  ionic  fluorescence 
intensity  is  shown.   The  intensity  was  slightly 
suppressed  by  the  presence  of  phosphorus,  being  primarily 
due  to  the  increase  in  sample  solution  viscosity  (2,  3). 
A  similar  result  was  obtained  at  0.7  kW  RF  power. 

The  effect  of  the  presence  of  aluminum  on  calcium 
ionic  fluorescence  intensity  at  0.7  kW  and  1.0  kW  RF 
power  is  also  shown  in  Figure  2-13.   At  0.7  kW  RF  power, 
the  fluorescence  intensity  decreased  with  an  increase  in 
aluminum  concentration  possibly  because  of  the  refractory 
compound  formation  of  calcium  and  aluminum  in  the  solute 
vaporization  process.   This  formation  might  occur  to 
a  lesser  extent  at  higher  temperatures,  as  is  shown  at 
1.0  kW  RF  power. 

The  effect  of  the  presence  of  sodium  on  the 
calcium  ionic  fluorescence  intensity  is  shown  in  Figure 
2-14.   The  results  are  quite  complicated.   At  0.7  kW, 
calcium  ionic  fluorescence  intensity  decreases  rapidly 
with  increase  in  sodium  concentration,  which  seems  to 
be  due  to  an  ionization  interference.   In  contrast,  the 
intensity  profiles  have  a  peak  in  the  presence  of 
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100  yg  mL   sodium  at  1.0  and  1.2  kW  RF  power  possibly 
due  to  a  change  in  the  atom  and  ion  distributions  in 
the  plasma  (42) .   Similar  enhancements  were  observed 
at  higher  carrier  argon  flow  rates  (>1.0  L  min"  )  at 
15  mm  above  the  load  coil  with  a  conventional  short 
torch  in  the  ICP  (33).   The  signal  suppression  at  high 
concentrations  of  sodium  is  also  primarily  due  to  the 
sample  solution  viscosity  (2,  3). 

In  Figure  2-15,  the  effect  of  the  presence  of 
sodium  on  lead  atomic  fluorescence  intensity  is  shown. 
It  can  be  seen  that  at  0.7  kW  RF  power,  there  is  not 
much  of  an  interference.   However,  at  1 . 0  and  1.2  kW  RF 
power,  there  is  a  sharp  increase  in  the  lead  fluorescence 
intensity  and  is  due  to  an  ionization  interference.   The 
effect,  though,  is  less  pronounced  at  1.2  kW  possibly 
being  due  in  part  to  ionization  of  lead  in  the  higher 
temperature  plasma.   The  signal  suppression  at  high 
concentrations  of  sodium  is  mostly  due  to  the  increase 
in  sample  solution  viscosity  (2,  3). 

Spectral  Interferences  Using  an  Extended-Sleeve  Torch 

One  of  the  major  disadvantages  in  the  ICP-AES 
method  is  spectral  interference,  namely,  the  change 
of  background  emission  caused  by  stray  light  and  over- 
lapping of  the  emission  spectra.   The  fluorescence 
technique  should  be  considerably  less  susceptible  to 
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spectral  interferences  since  multiple  excitation  is 
minimized  because  the  laser  excitation  line  is  only 
0.03  nm  wide  (43),  and  spectral  interferences  in  the 
resultant  spectra  are  greatly  reduced  because  fluorescence 
spectra  contain  fewer  lines  than  those  produced  by 
collisional  excitation. 

The  fluorescence  excitation  and  emission  spectra 
(-370-372  nm)  for  a  100  yg  mL   yttrium  solution 
containing  a  5000  ug  mL   iron  matrix  are  shown  in 
Figure  2-16.   Emission  measurements  were  carried  out 
under  the  conditions  of  1.0  kW  RF  power,  20  psig  nebulizing 
gas  pressure  and  15  mm  observation  height  above  the  load 
coil  using  a  conventional  short  torch.   Further,  the 
monochromator  grating  was  scanned  with  entrance  and  exit 
slit  widths  of  0.02  mm  (spectral  bandpass  =  0.04  nm) . 
On  the  contrary,  fluorescence  excitation  profiles,  using 
an  extended-sleeve  torch,  were  obtained  by  scanning  the 
dye  laser  grating  at  a  fixed  monochromator  wavelength 
with  1  mm  slit  widths  (spectral  bandpass  =  2  nm) .   The 
dye  laser  (PBD  dye)  was  optimized  at  371.0  nm.   Even 
with  the  50  times  greater  bandpass,  the  spectral  profile 
for  fluorescence  shows  no  overlap  between  the  Y(II) 
371.030  nm  line  and  the  Fe(I)  370.925  nm  line  as  compared 
to  the  emission  spectra  as  shown  in  Figure  2-16. 
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Determination  of  Excited  Atom  Lifetimes 

In  Figure  2-17 ,  a  typical  fluorescence  decay- 
curve  for  sodium  along  with  the  dye  laser  pulse  is 
shown.   The  full  width  at  half -maximum  (FWHM)  of  the 
laser  pulse  was  found  to  be  3.5-4.0  ns  with  a  decay 
time  of  2.0-3.0  ns ,  which  agrees  well  with  the  values 
obtained  from  streak  camera  measurements  by  Zizak  et 
al.  (35).   In  Table  2-3,  the  experimentally  observed 
lifetimes  and  calculated  quantum  efficiences  are  given 
for  the  resonance  atomic  transitions  of  5  elements, 

together  with  the  radiative  lifetime  (t   ) .   This  last 

sp 

figure  can  be  obtained  using  the  known  transition 
probabilities  for  the  different  lines  originating  .from 
the  excited  levels  (22,  35,  44,  45).   The  measurements 
were  taken  at  a  10  mm  height  above  the  load  coil  for  the 
short  torch  and  at  a  45  mm  height  above  the  load  coil 
(5  mm  above  the  top  of  the  torch)  for  the  extended-sleeve 
torch.   As  can  be  seen  from  Table  2-3,  the  overall 
quantum  efficiency  (t/t   )  of  the  excited  atomic  levels 
investigated  is  very  high.   This  seems  to  indicate  that, 
at  least  in  the  case  of  neutral  atomic  "soft"  lines  (46), 
electron  quenching  does  not  occur  to  a  significant 
extent. 

A  change  in  the  RF  power  from  0.7  to  1.2  kW  and 
in  the  nebulizing  gas  pressure  from  20  to  40  psig  did 
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not  result  in  an  observable  change  of  the  lifetimes, 
which  remained  the  same  within  experimental  error. 

In  order  to  see  the  effect  of  air  entrainment 
(i.e.  increased  quenching)  when  the  observation  height 
above  the  load  coil  increases,  several  measurements 
were  performed  with  sodium  at  various  heights  with  the 
two  torches  available.   The  resulting  variation  in 
lifetimes  and  calculated  quantum  efficiencies  are  shown 
in  Figure  2-18. 

It  can  be  seen  that  entrainment  of  air  in  the 
plasma  has  a  significant  effect  on  the  quenching  of 
sodium  fluorescence  and  hence   the  quantum  efficiency, 
with  the  conventional  short  torch.   At  a  height  of  25 
mm  above  the  load  coil,  the  quantum  efficiency  has 
already  decreased  to  about  0.5.   However,  with  the 
extended-sleeve  torch,  the  quantum  efficiency  does  not 
drop  off  to  0.5  until  a  height  of  100  mm  above  the  load 
coil.   This  would  correspond  to  60  mm  above  the  top  of 
the  torch  since  the  outer  sleeve  of  the  torch  extends 
for  40  mm  beyond  the  top  of  the  load  coil.   Also,  with 
the  extended-sleeve  torch,  at  a  height  of  80-90  mm  above 
the  load  coil,  the  quantum  efficiency  is  still  very  high 
(0.85-0.80)  even  though  the  plasma  has  entrained  air 
for  a  distance  of  40-50  mm. 

The  ratio  of  the  two  sodium  D  lines  was  experimen- 
tally observed  in  the  ICP  using  a  conventional  short 
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torch  at  a  height  of  10  ram  above  the  load  coil.   The 
ratio  in  both  cases  (using. D1  and  D-  excitation)  was 
found  to  be  2,  indicating  that  the  quantum  efficiency 
in  the  ICP  is  high  and  confirming  the  results  obtained 
for  the  lifetime  measurements.   The  lifetimes  of  Fe(I) 
at  372.0  nm  and  Y(II)  at  383.3  nm  were  also  measured. 
The  lifetime  of  Fe(I)  was  about  5  ns  and  that  of  Y(II) 
was  close  to  the  limit  of  the  detector  response  of  4  ns . 
Even  though  with  the  present  system  an  accurate  lifetime 
for  Y(II)  could  not  be  obtained,  it  can  be  safely  said  to 
be  under  4  ns .   Since  the  natural  radiative  lifetime  for 
Fe(I)  is  61  ns  and  that  for  Y(II)  is  13.9  ns ,  a  quantum 
efficiency  below  0.2  can  be  estimated  for  these  elements. 
As  was  confirmed  from  the  lifetime  measurements  of  sodium 
and  the  ratio  of  the  two  sodium  D  lines,  the  quantum 
efficiency  in  the  ICP  is  high.   Therefore,  the  short 
lifetimes  (compared  to  the  natural  radiative  lifetimes) 
of  iron  and  yttrium  may  be  due  to  quenching  by  collisional 
mixing  of  other  levels  near  the  radiatively-excited  level 
with  other  plasma  gas  species. 

Conclusions 


Significant  differences  exist  in  the  characteris- 
tics in  laser-excited  fluorescence  spectra  between  flames 
and  plasmas.   Ionic  and  excited-state  fluorescence  are 
strongly  observed  in  the  ICP,  and  the  spontaneous 
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transition  probability  value  of  the  fluorescence  line 
is  a  dominant  factor  affecting  the  sensitivity.   The 
LEAFS  technique  is  useful  for  ICP  diagnostics,  such  as 
measuring  vertical  distributions  of  analyte  atoms  and 
ions  along  the  central  axis  of  the  plasma.   Laser-excited 
analyte  species  do  not  follow  a  Boltzmann  distribution  and 
thermally-assisted  collisions  are  observed  only  within 
1.2  eV  of  the  radiatively-excited  level. 

The  use  of  the  ICP  with  an  extended-sleeve  torch 
was  evaluated  as  an  atomization/ionization  cell  for 
laser-excited  fluoresence  spectrometry.   Carrier  argon 
flow  rate,  RF  power,  observation  height  and  dye  laser 
beam  diameter  were  optimized  and  excitation  temperatures 
were  measured.   The  temperature  of  the  ICP  using  this 
torch  was  found  to  be  lower  than  when  a  conventional 
short  torch  is  used.   Operating  parameters,  such  as  RF 
power  and  carrier  argon  flow  rate,  should  be  optimized  to 
reduce  interelement  effects.   Also,  relative  freedom 
from  spectral  interferences  was  found  in  laser-excited 
ICP-AFS.   From  the  results  obtained  in  the  determination 
of  excited  atom  lifetimes,  it  can  be  concluded  that 
analytical  studies  in  the  ICP  should  be  carried  out 
utilizing  the  extended-sleeve  torch  for  most  elements. 
Use  of  this  torch  resulted  in  a  high  quantum  yield  and 
resistance  to  quenching  by  entrainment  of  air  in  the 
plasma.   Also,  the  ability  to  look  high  above  the  load 
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coil  where  the  temperature  is  lower  and  still  obtain  a 
large  fluorescence  quantum  yield  is  achievable  with  this 
torch.   However,  excited-state  fluorescence  studies  might 
be  better  performed  with  a  conventional  short  torch  due 
to  its  higher  temperature  of  excitation. 

Finally,  the  lifetime  measurements  can  be  summarized 
in  the  following  manner:   (i)  for  the  group  I  elements 
investigated  (Na,  Li)  that  do  not  have  many  energy  levels 
near  the  laser-excited  level,  the  quantum  efficiency  is 
close  to  1.0;  (ii)  for  the  group  III  elements  (Al ,  Ga,  Tl) 
that  have  some  energy  levels  near  the  laser-excited  level, 
the  quantum  efficiency  is  >0.7;  and  (iii)  for  elements 
such  as  Fe  and  Y  with  many  levels  close  to  the  laser- 
excited  level,  the  quantum  efficiency  is  <0.2. 
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Figure  2-4 


Vertical  distributions  of  relative  resonance 
fluorescence  and  emission  intensities  for 
calcium  ion  at  393.4  nm  along  the  central 
axis  of  the  plasma.   Carrier  argon  flow  rates 
0.93  and  1.24  L/min.   Conventional  short 
torch  used. 
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Figure   2-5. 


Vertical  distributions  of  relative  resonance 
fluorescence  and  emission  intensities  for 
calcium  atom  at  422.7  nm  along  the  central 
axis  of  the  plasma.   Carrier  argon  flow  rates 
0.93  and  1.24  L/min.   Conventional  short 
torch  used. 
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Figure  2-6 


Vertical  distributions  of  relative  excited- 
state  thermally-assisted  fluorescence 
(excitation  wavelength  at  383.3  nm)  and 
emission  intensities  for  yttrium  ion  at 
371.0  nm  along  the  central  axis  of  the 
plasma.   Carrier  argon  flow  rates:   0.93 
and  1.24  L/min.   Conventional  short  torch 
used. 
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Figure    2-7. 


Boltzmann  plots  of  emission  and  thermally- 
assisted  fluorescence  (excitation  wavelength 
at  383.3  nm)  intensities  for  yttrium. 
Carrier  argon  flow  rate:   0.93  L/min. 
Observation  height:   15  mm  above  the  load 
coil.   Conventional  short  torch  used. 
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Figure  2-8 


Horizontal  distributions  of  resonance 
fluorescence  intensities  for  calcium  ion 
at  393.4  nm  at  5,  15   and  25  mm  above  the 
top  of  the  extended-sleeve  torch  (45,  55 
and  65  mm  above  the  load  coil) .   RF  power 
1.0  kW. 
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Figure    2-9 


Effect  of  RF  power  on  excitation  temperatures. 
Observation  height:   5  mm  above  the  top  of  the 
extended-sleeve  torch  (45  mm  above  the  load 
coil)  . 
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Figure    2-10 


Effect  of  RF  power  on  fluorescence  intensi- 
ties.  Observation  height:   5  mm  above  the 
top  of  the  extended-sleeve  torch  (45  mm 
above  the  load  coil).   Fluorescence  lines: 
Ga(I)  403.3/403.3  nm,  Mo(I)  386.4/386.4  nm, 
Ca(II)  393.4/393.4  nm,  Y(II)  508.7/371.0  nm, 
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Figure  2-11. 


Vertical  distributions  of  excitation 
temperatures.   Extended-sleeve  torch 
used.   (Observation  height  is  position 
above  the  top  of  the  extended-sleeve 
torch. ) 
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Figure  2-12 


Vertical  distributions  of  fluorescence 
intensities.   Extended-sleeve  torch  used. 
Fluorescence  lines:   Ga(I)  403.3/403.3  nm 
(0.7  kW) ,  Mo(I)  386.4/386.4  nm  (1.0  kW) , 
Ca(II)  393.4/393.4  nm  (1.0  kW) .   (Observa- 
tion height  is  position  above  the  top  of 
the  extended-sleeve  torch.) 


51 


PHOSPHORIC  ACID 


£  1m  f 

*£    100- oa— J 


1.0  kW 


-A0.7kW 


0  10  100  1000  10000 

Interferent      concentration  ,    pg  mil* 


Figure  2-13 


Effect  of  coexisting  phosphorus  and  aluminum 
on  resonance  fluorescence  intensities  for 
calcium  ion  at  393.4  nm.   Observation  height 
5  mm  above  the  top  of  the  extended-sleeve 
torch  (45  mm  above  the  load  coil) . 
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Figure  2-14. 


Effect  of  coexisting  sodium  on  resonance 
fluorescence  intensities  for  calcium  ion 
at  393.4  nm.   Observation  height:   5  mm 
above  the  top  of  the  extended-sleeve 
torch  (45  mm  above  the  load  coil)  . 
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Figure  2-15 


Effect  of  coexisting  sodium  on  resonance 
fluorescence  intensities  for  lead  at  405.8 
nm.   Observation  height:   5  mm  above  the 
top  of  the  extended-sleeve  torch  (45  mm 
above  the  load  coil)  . 
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Figure  2-17 


Decay  time  signals  of  the  dye  laser  and 
sodium  fluorescence  at  589.0  nm.   Observa 
tion  height:   5  mm  above  the  top  of  the 
extended-sleeve  torch  (45  mm  above  the 
load  coil).   Measured  lifetime:   16  ns . 
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CHAPTER  III 

ANALYTICAL  STUDIES  OF  LASER-EXCITED 

ATOMIC  AND  IONIC  FLUORESCENCE 


Introduction 

Laser-excited  atomic  fluorescence  spectroscopic 
techniques  were  first  established  in  a  flame  (27,  43, 
47-51).   Recently,  a  pulsed  nitrogen-laser  pumped 
tunable  dye  laser  was  used  to  excite  atomic  fluorescence 
in  a  flame  resulting  in  an  improvement  of  detection 
limits  compared  to  conventional  light  sources  (9) .   The 
available  wavelength  region  of  the  dye  laser  is  commonly 
350  to  800  nm,  although  frequency  doubling  can  be  applied 
to  achieve  the  range  from  "220  to  350  nm.   Some  of  the 
ICP's  excellent  characteristics  as  an  emission  source 
seem  to  be  applicable  as  an  atomization  or  ionization 
cell  for  fluorescence  spectrometry.   Further,  spectral 
interferences,  a  major  disadvantage  in  ICP  emission 
spectrometry,  might  be  reduced  owing  to  the  narrow 
spectral  bandwidth  of  the  laser  output. 

The  first  study  using  the  ICP  as  an  atomization 
cell  for  fluorescence  was  reported  by  Montaser  and 
Fassel  (52) ,  where  EDLs  were  used  as  excitation  sources 
and  special  torches  with  extended-sleeves  were  investigated 
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for  fluorescence  measurements.   Montaser  and  Fassel 

studied  only  cadmium,  zinc  and  mercury  for  which  intense  EDLs 

were  available.  Demers  and  Allemand  (53)  and  Demers  et  a_l.  (54) 

investigated  pulsed-HCLs  for  excitation  of  atomic 

fluorescence  in  the  ICP  and  reported  detection  limits 

for  32  elements  (with  linear  dynamic  ranges  of  4-5 

orders  of  magnitude)  that  were  comparable  to  flame-AAS. 

Theoretical  Considerations 

In  this  work,  a  pulsed  tunable  dye  laser-excited 
ICP  system  was  employed.   Such  a  system  has  the  advan- 
tages of    (i)  high  spectral  irradiance;  (ii)  pulsed 
output;  (iii)  narrow  spectral  bandwidth  of  the  excita- 
tion source;  (iv)  wide  range  of  wavelength  tunability; 
(v)  high  beam  collimation;  and  (vi)  minimization  of  ICP 
emission  background  noise.   For  resonance  fluorescence, 
scattered  radiation  can  result  in  a  poor  signal-to- 
noise  ratio  (SNR)  and,  consequently,  a  degradation  of 
detection  powers.   However,  for  the  case  of  non- 
resonance  fluorescence,  the  detection  powers  will  be 
limited  by  amplifier  noise  and/or  dark  current  noise 
and/or  ICP  emission  background  noise  and/or  molecular 
fluorescence  background  noise.   The  narrow  spectral 
bandwidth  of  the  laser,  and  thus  of  the  monochromator , 
as  well  as  gated  detection  minimizes  the  ICP  emission 
background  noise.   This  allows  the  use  of  a  measurement 
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system  with  a  large  optical  throughout.   For  diagnostical 
measurments  in  the  ICP  such  as  spatial  distributions  of 
analyte  species  and  temperature  measurements  in  a  small 
volume,  a  small  diameter  laser  beam  is  essential.   How- 
ever, in  the  case  of  analytical  studies,  a  highly 
collimated  laser  beam  does  not  have  a  significant  advan- 
tage over  an  expanded  beam.   The  dependence  of  the 
fluorescence  signal  on  the  type  and  intensity  of  the 
excitation  source  has  been  treated  extensively  in  the 
literature  (55,  56).   Beer's  law  is  strictly  valid  only 
for  zero  incident  light  flux  and,  consequently,  is 
accurate  only  for  low  intensity  excitation  sources.   The  ■ 
use  of  a  high  intensity  laser,  however,  results  in  the 
redistribution  of  the  population  of  levels  involved  in 
the  absorption  process  to  the  point  where  no  more 
absorption  occurs.   At  this  point,  the  absorption 
coefficient  decreases  to  zero  as  the  process  of  stimulated 
emission  balances  that  of  absorption.   This  effect  is 
commonly  known  as  saturation  of  the  optical  transition 
(51,  57-60).   In  fact,  using  spectral  irradiances  higher 
than  the  saturation  spectral  irradiance  for  a  given 
volume  illuminated  will  only  serve  to  double  the 
fluorescence  signal,  at  best.   On  the  other  hand,  the 
source  scatter  signal  will  continue  to  increase  linearly 
with  source  power.   Therefore,  if  near  saturation  of 
the  optical  transition  can  be  achieved  with  an  expanded 
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laser  beam,  this  would  be  beneficial  since  the  fluorescence 
signals  will  increase  in  proportion  to  the  volume  of  the 
plasma  illuminated.   The  proportional  dependence  of. the 
fluorescence  signal  upon  n~  (the  number  of  excited-state 
atoms  per  unit  volume)  is  given  by  (61) 


Bp  =  n2hvoa/4u)CTsp) 


(3-1) 


where 


B, 


o 

I 


-   absolute  fluorescence  radiance  (erg  s 


-1 


-2    -1. 
cm   sr   ) ; 


,-27 


sp 


Planck's  constant  (6.626  x  10    erg  s) ; 
frequency  of  exciting  radiation  (s~  ) ; 
depth  of  the  homogeneous  fluorescing 
volume  in  the  direction  of  observation 
(cm) ;  and 
radia.tive  lifetime  (s)  . 


For  the  sake  of  simplicity,  the  atomic  system  described 
here  will  be  characterized  as  a  collection  of  atoms  having 
only  two  energy  levels,  1  and  2,  with  equal  statistical 
weights  and  without  multiplet  splitting.   The  levels  are 
separated  by  the  energy  difference  AE  =  hv   -  2  eV  and  have 
populations  n.^  and  n~    (number  of  atoms  per  unit  volume) 
with  n1  +  n2  =  nT  where  nT  is  the  total  density  of  atoms. 
Some  assumptions  made  are  (i)  atoms  are  present  as  a  trace 
component  in  a  gas  of  molecules  at  a  temperature  of  2000- 
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5000K;  (ii)  the  laser  pulses  have  no  effect  on  the  energy 
distribution  of  the  gas  molecules,  the  velocity  of  the 
atoms,  or  the  temperature  of  the  system;  (iii)  coherence 
effects  between  absorbed  and  emitted  photons  are  neglected; 
(iv)  polarization  effects  are  neglected;  (v)  homogeneity 
is  achieved  with  regard  to  atomic  concentration  and 
temperature  and  (vi)  the  source  radiation  density  is 
constant  over  the  absorption  line  width  (i.e.,  a  spectral 
continuum) .   There  are  two  analytically  limiting  cases 
with  regard  to  the  fluorescence  signals  obtainable. 

Case  1:   Low  Spectral  Irradiance 

When  the  source  spectral  irradiance  (Ev  )  is  much 


'0' 


less  than  the  saturation  spectral  irradiance  (E.,  S)  the 

vo 

fluorescence  radiance  expression  becomes  (61) 


BF  =  (V4u)  Yn  Ev   [?k(v)dv]  (3-2) 


where     Y--,   =  quantum  efficiency  (dimensionless)  ; 

Ev   ■  source  spectral  irradiance  (erg  s" 

-2    -1 
cm   Hz   ) ;  and 

k(v)  =  frequency-dependent  absorption  coefficient 

of  the  atomic  vapor  (cm"  ) . 
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Equation  3-2  illustrates  the  linear  dependence  of  the 
fluorescence  signal  on  the  source  spectral  irradiance 
and  the  quantum  efficiency. 

Case  2:   High  Spectral  Irradiance 


When  E-u   >>  E^   ,  for  steady-state  conditions  we 
o      o 


have  (61) 


Bp  =  U/4ir)  Yn  Ev   [?k*(v)dv]  (3-3) 


where 


k*(v)  =  k(v)^   S/E^   +  EM  *}  (3-4) 


0     0      o 


In  the  case  of  laser  excitation,  E   can  approach  Ev 

0  s  ° 

or  even  become  larger.   If  E   >>  E    ,  then  equation 

o      o 


3-3  becomes 


(VMAX  =  U/4lT)  Y21  Ev  S  nT  0"°O)dv]      (3-5) 


where    (^f-^MAX  =  maximum  fluorescence  radiance 

-1    -2    -1 
obtainable  (erg  s   cm  '  sr   ) ; 

Ev  s     =  saturation  spectral  irradiance  (erg 


'vo 


s"1  cm"2  Hz"1) ; 


nT       =  total  atom  number  density  (cm  ) ; 
and 
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a(v)    =  frequency  dependent  absorption  cross 
section  (cm  J . 


Therefore,  when  Ev   =  Ev  s ,  Bp  becomes  equal  to  (Bp)MAX/2 


Analytical  Curves  of  Growth 


At  low  atomic  concentrations  (low  optical  densities), 
the  integrated  radiance  of  the  fluorescence  signal  is 
linearly  related  to  the  atomic  concentration.   At  high 
atomic  concentrations  (high  optical  densities) ,  the 
analytical  curve  of  growth  (log  of  fluorescence  intensity 
vs   log  of  concentration)  exhibits  a  zero  slope  in  the 
case  of  continuum  excitation  and  a  negative  slope  in  the 
case  of  line  source  excitation.   The  geometry  of  illumina- 
tion and  observation  also  plays  a  critical  role  in 
determining  the  shape  of  the  analytical  curve  of  growth. 
A  prefilter  effect  may  result  because  of  a  decrease  in 
energy  of  the  excitation  beam  in  a  region  that  is  not 
observed  by  the  detector.   Also,  a  postfilter  effect 
occurs  if  there  is  an  unexposed  region  between  the 
illuminated  volume  and  the  detector.   For  the  present 
analytical  studies,  a  focused  laser  beam  (3  mm  diameter) 
and  an  expanded  laser  beam  (10  mm  diameter)  along  with 
two  different  torch  designs  were  examined  to  determine 
the  optimal  operating  conditions  for  trace  element  analysis 
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using  the  laser-excited  ICP-AFS  system.   The  10  mm  beam 
was  used  to  minimize  postfilter  effects  and  increase 
the  fluorescence  signals. 

Experimental 


Instrumentation 

The  instrumentation  used  in  the  analytical  study 
is  the  same  as  that  previously  described  in  Chapter  II 
for  the  diagnostical  studies.   The  operating  parameters 
for  the  two  different  torch  designs  follow. 

Short  torch.   The  RF  power  of  the  ICP  was  1.0  kW 
and  the  plasma  support  argon  flow  rate  was  15  L  min 
Auxiliary  argon  was  not  used.   The  cross-flow  nebulizer 
with  a  nebulizing  gas  pressure  of  22  psig  produced  a 
carrier  argon  gas  flow  rate  of  approximately  1  L  min 
The  diameter  of  the  dye  laser  beam  at  the  plasma  center 
was  approximately  3  mm.   The  entrance  and  exit  slit 
widths  of  the  monochromator  were  1  mm  and  the  slit 
height  was  3  mm.   The  observation  region  in  the  plasma 
was  located  20  mm  above  the  load  coil. 

The  presence  of  minute  water  droplets  at  observa- 
tion heights  less  than  15  mm  above  the  load  coil  increases 
the  background  intensity  in  resonance  fluorescence 
measurements  (12).   In  flame  atomic  fluorescence  spectro- 
metry, a  beam  expander,  light  baffles  and  light  traps 
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reduced  the  scatter  signal  level  (9) ;  no  attempt  to 
reduce  scatter  by  those  means  was  carried  out  here. 

Extended-sleeve  torch.   The  RF  powers  were  0.7 
kW  for  the  atomic  lines  of  calcium,  gallium,  strontium, 
thallium  and  lead  and  1.0  kW  for  the  atomic  lines  of 
aluminum,  molybdenum,  vanadium  and  for  all  the  ionic 
lines,  except  for  the  lines  of  yttrium  and  zirconium 
where  1 . 2  kW  was  used.   The  plasma  support  argon  flow 
rate  was  15  L  min"   and  auxiliary  argon  was  not  used. 
The  cross  flow  nebulizer  was  operated  at  40  psig  and 
produced  a  carrier  argon  gas  flow  rate  of  approximately 
1.7  L  min"1.   The  diameter  of  the  dye  laser  beam  at 
the  plasma  center  was  approximately  10  mm.   The  entrance 
and  exit  slit  widths  of  the  monochromator  were  1  mm 
and  the  slit  height  was' 10  mm.   The  center  of  the 
expanded  dye  laser  beam  was  located  10  mm  from  the  top 
of  the  torch  in  order  to  avoid  hitting  the  torch  and 
increasing  the  scatter  signal. 

Chemicals 


Stock  solutions  of  1000  ug  mL~   were  prepared 
from  the  pure  metal  when  possible  or  from  reagent  grade 
chemicals,  dissolved  in  the  minimum  amount  of  acid  and 
successively  diluted  with  distilled/deionized  water. 


66 


Results  and  Discussion 

Fluorescence  intensities  in  the  ICP  depend 
primarily  on  the  following  three  factors:   (i)  number 
density  of  the  lower  level  in  the  laser  excitation 
process;  (ii)  output  power  (spectral  irradiance)  of 
the  laser  and  (iii)  the  spontaneous  transition  probability 
of  the  fluorescence  line.   Laser  excitation  from  the 
ground-state  and  saturation  of  the  optical  transition 
are  both  advantageous.   In  this  study,  sensitive  lines 
below  350  nm  were  not  considered  because  of  poor  laser 
energy  in  the  frequency  doubled  mode  and  difficulty 
encountered  in  keeping  the  doubled  line  tuned. 


Analytical  Application  of  the  ICP  Using  a  Conventional 
Short  Torch  as  an  Atomization  and  Ionization  Cell  for 
Fluorescence  Spectrometry 


The  ICP  as  an  atomization  and  ionization  cell, 
because  of  the  high  temperature  and  high  electron 
number  density,  is  effective  for  reducing  the  chemical 
and  ionization  interferences  observed  in  flame-AFS. 
Also,  AFS  is  effective  for  avoiding  spectral  interferences 
observed  in  ICP  emission  spectrometry. 

The  detection  limits  for  ICP-AFS  and  ICP-AES 
obtained  with  all  operating  parameters  the  same,  except 
for  the  slit  widths  of  the  monochromator  (0.1  mm  for 
emission),  are  compared  in  Table  3-1.   The  limits  of 
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detection  are  the  concentrations  corresponding  to  a 
signal  twice  the  standard  deviation  of  the  background 
obtained  from  sixteen  consecutive  10s  integrated  blank 
(water)  readings.   The  detection  limits  for  fluorescence 
are  about  two  orders  of  magnitude  higher  than  those  in 
emission.   However,  fluorescence  detection  limits  seem 
to  be  sufficient  for  trace  analysis  without  spectral 
interference.   The  fluorescence  analytical  curves  of 
growth  have  a  linear  dynamic  range  of  3-4  orders  of 
magnitude. 

Generally,  the  temperature  of  the  analytical  emission 
region  (10-25  mm  above  the  load  coil)  in  the  ICP  is  too 
high  for  fluorescence  measurements.   The  high  tempera- 
ture results  in  high  populations  of  excited  levels 
which  are  sometimes  effective  for  excited-state  fluores- 
cence; however,  the  strong  emission  background  and 
noise  can  cause  problems.   One  method  to  decrease  the 
temperature  is  to  increase  the  carrier  argon  flow  rate 
while  using  an  observation  height  of  10-25  mm  above 
the  load  coil.   However,  at  high  carrier  argon  flow 
rates  (>1.5  L  min"  ),  the  plasma  might  not  be  in  LTE 
at  lower  heights  due  to  insufficient  collisional  energy 
transfer  between  plasma  and  analyte  species  (41) . 
Consequently,  insufficient  gas  kinetic  energy  leads  to 
interelement  effects  in  the  presence  of  the  alkali 
elements  (33)  . 
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Measurements  at  higher  positions (50-80  mm  above 
the  load  coil)  are  also  useful  because  LTE  should  be 
more  nearly  established  and  chemical  and  ionization 
interferences  should  be  negligible.   This  technique  has 
already  been  applied  using  HCLs  as  light  sources  (53) 
and  an  extended-sleeve  torch  in  order  to  minimize  analyte 
atom  diffusion  and  to  maintain  good  signal  stability. 
Analytical  studies  using  an  extended-sleeve  torch  will 
be  discussed  next. 

Analytical  Application  of  the  TCP  Using  an  Extended-Sleeve 
Torch  as  an  Atomization  and  Ionization  Cell  for  Fluores"7- 
cence  Spectrometry 

The  fluorescence  intensity  for  Ca(II)  at  393.4 
nm  using  a  40  psig  nebulizing  gas  pressure  was  about  four 
times  larger  than  that  obtained  at  the  30  psig  nebulizing 
gas  pressure.   This  result  was  similar  for  other  atomic 
and  ionic  lines.   At  high  observation  points  above  the 
load  coil,  the  analyte  number  density  becomes  less  than 
in  lower  positions  due  to  diffusion,  as  is  shown  in 
emission  (10) ,  absorption  (41)  and  fluorescence  measure- 
ments (12)  .   An  extended-sleeve  torch  was  used  in  order 
to  minimize  diffusion  of  the  analyte  atoms  into  the 
surrounding  air.   Furthermore,  this  torch  should  be  more 
effective  than  the  short  torch  for  collisional  energy 
transfer  from  the  plasma  to  the  analyte  atoms  (41) . 


69 


For  the  improvement  of  the  fluorescence  sensi- 
tivity, the  use  of  an  expanded  dye  laser  beam  (about 
10  mm  diameter)  and  a  10  mm  monochromator  slit  height 
were  investigated.   Fluorescence  intensities  were  3-5 
times  larger  than  those  in  the  case  of  the  3  mm 
diameter  laser  beam  and  3  *mm  monochromator  slit  height 
using  the  same  extended-sleeve  torch.   Background 
intensity  caused  by  scattering  also  increased;  however, 
the  increase  in  the  noise  level  was  small.   As  a  result, 
the  fluorescence  SNR  was  improved  by  several  times.   The 
SNR  was  markedly  improved  at  non-resonance  lines. 

In  Table  3-2,  limits  of  detection  for  laser- 
excited  ICP-AFS  together  with  those  obtained  by  ICP-AES 
by  Boumans  and  Bosveld  (62)  are  given.   With  the  present 
method,  ionic  fluorescence  is  generally  more  sensitive 
than  atomic  fluorescence  for  the  same  element  as  is 
shown  for  barium,  calcium  and  strontium.   In  the  case  of 
vanadium,  the  ionic  line  is  less  sensitive,  probably 
because  laser  excitation  occurs  from  an  excited-state 
which  is  not  well-populated.   This  might  also  be  true 
of  zirconium,  although  no  data  on  atomic  fluorescence 
for  this  element  was  obtained. 

Comparing  LODs  using  an  extended-sleeve  torch 
with  those  obtained  under  the  conditions  of  1.0  kW 
RF  power,  22  psig  nebulizing  gas  pressure  and  20  mm 
observation  height  using  the  conventional  short  torch, 
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we  can  see  from  Table  3-3  that  the  short  torch  provided 
superior  LODs  for  ionic  excited-state  fluorescence  as 
is  shown  for  yttrium  and  vanadium.   For  the  other  lines, 
LODs  are  improved  by  1-3  orders  of  magnitude  for 
fluorescence  with  the  extended-sleeve  torch  over  the 
short  torch.   Calibration  curves  were  obtained  using 
the  extended-sleeve  torch  and  indicated  4  orders  of 
magnitude  of  linearity  from  the  LOD  levels.   The  linearity 
was  extended  to  higher  concentrations  by  1-2  orders  of 
magnitude  by  decreasing  the  light  introduced  to  the 
monochromator  through  the  use  of  neutral  density  filters. 

Conclusions 


The  short  torch  is  best  utilized  in  laser-excited 
ICP-AFS  for  excited-state  fluorescence  owing  to  its 
higher  temperature  as  compared  to  an  extended-sleeve 
torch.   However,  strong  emission  background  is  observed 
with  the  short  torch  and  can  cause  problems  such  as 
detector  saturation.   Consequently,  an  extended-sleeve 
torch  is  more  useful  in  laser-excited  ICP-AFS  for  the 
analytical  study  of  atomic  and  ionic  fluorescence  other 
than  excited-state  fluorescence.   This  torch  also 
minimizes  diffusion  of  the  analyte  atomic  vapor  into 
the  surrounding  air. 

For  analytical  studies,  an  expanded  dye  laser 
beam  is  beneficial  in  the  respect  that  the  fluorescence 
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signal  will  be  proportional  to  the  volume  of  the 

plasma  illuminated.   A  10  mm  diameter  laser  beam  was 

■ 
found  to  be  optimal  in  this  work. 
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CHAPTER  IV 

ATOMIC  AND  IONIC  FLUORESCENCE  IN 

THE  INDUCTIVELY  COUPLED  PLASMA  (ICP)  USING 

A  SECOND  ICP  AS  AN  EXCITATION  SOURCE 


Introduction 

The  ICP  has  long  been  used  as  an  effective  vapori- 
zation, atomization,  excitation  and  ionization  (VAEI) 
cell  for  emission  spectrometry  (1) .   Many  physical  param- 
eters  of  the  ICP  have  been  investigated  and  a  review 
by  Barnes  (63)  contains  many  references  covering  various 
operating  principles  of  the  ICP.   However,  due  to  complex 
emission  spectra,  a  high  resolution  monochromator  is 
needed  in  many  cases  to  isolate  the  analytical  lines  of 
interest. 

The  first  use  of  the  ICP  as  an  excitation  source 
for  flame-AFS  was  reported  by  Hussein  and  Nickless  (64) . 
Relatively  poor  detection  limits  were  obtained,  though. 
Since  then,  improvements  in  sample  introduction  and 
plasma  stability  have  resulted  in  the  further  use  of 
the  ICP  as  an  excitation  source  for  flame-AFS.   Epstein 
et  al .  (7)  have  shown  that  the  advantage  of  the  ICP 
compared  to  other  AFS  sources  is  its  flexibility  with 
respect  to  the  intense  atomic  and  ionic  line  radiation 
available.   Changing  from  one  element  to  the  next  is 
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simply  done  by  aspirating  a  different  solution  into  the 
source  ICP. 

Omenetto  e_t  al_.  (65)  have  examined  the  ICP 
emission  profile  by  using  the  resonance  monochromator 
method,  in  which  a  low  concentration  of  analyte  is 
aspirated  into  a   flame  and  increasing  concentrations 
are  aspirated  into  the  ICP.   The  resulting  fluorescence 
from  the  flame  is  monitored  and  certain  limiting 
characteristics  of  the  ICP  emission  profile  can  be 
inferred. 

The  high  intensity,  long-term  stability,  narrow 
line  width  and  freedom  from  self -reversal  all  contribute 
to  the  ICP  being  an  excellent  excitation  source  for  AFS. 
Also,  due  to  the  narrow  line  width  of  spectral  lines  in 
the  ICP,  spectral  interferences  are  not  observed  in  AFS. 

In  this  work,  the  utilization  of  the  ICP  as  a 
source  to  excite  atomic  and  ionic  fluorescence  in  a 
second  ICP  was  investigated  (ICP-ICP-AFS) .   Excitation, 
emission  and  fluorescence  analytical   curves  of  growth 
were  obtained  and  from  these,  further  information  about 
the  line  profile  of  the  ICP  was  revealed.   For  the 
excitation  curve  of  growth,  a  fixed,  low  concentration 
of  the  analyte  was  aspirated  into  the  atomization  ICP 
while  increasing  concentrations  were  introduced  to  the 
source  ICP.   For  the  conventional  emission  curve  of 
growth,  the  emission  from  the  source  ICP  was  plotted 
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versus  concentration  and,  thirdly,  the  fluorescence 
analytical  curve  of  growth  was  obtained  by  aspirating 
a  fixed  high  concentration  (20  mg  mL   )  of  the  analyte 
into  the  source  ICP  while  increasing  concentrations 
were  introduced  to  the  atomization  ICP.   Vertical 
distributions  of  atomic  and  ionic  species  densities 
were  obtained  and  detection  limits  for  16  elements  are 
compared  to  the  ICP-excited  flame  technique. 

Further,  a  few  examples  of  chemical  and  spectral 
interferences  were  examined.   Finally,  the  noise  sources 
limiting  the  measurements  were  investigated  and  suggested 
improvements  are  discussed. 

Theoretical  Considerations 

The  following  "excitation  function"  (65)  describes 
the  interaction  between  the  radiation  emitted  by  the 
source  ICP  and  the  absorbing  atoms  in  the  atomization 
ICP: 


/absEX    Wa£(X)dX  -  /absEx    (X){1  -  exp  £k£(X)g}dX 

(4-1) 

The  integral  is  extended  over  the  entire  absorption  line 
width  (i.e.  the  width  over  which  kf  (X)  differs  markedly 
from  zero)  . 
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where   E,    (X) 
Aexc 


a£(X) 


k£(X) 


spectral  irradiance  of  the  source 
ICP  as  a  function  of  wavelength  at 
a  given  height  and  analyte  concen- 
tration, evaluated  at  wavelength 

^  .t   -1    "2    -1^ 
X  (J  s   cm   nm   )  ; 

fraction  of  radiation  absorbed  at 

any  wavelength  X  (dimensionless)  ; 

absorption  coefficient  of  analyte 

atoms  in  atomization  ICP  (cm   ) ;  and 

interaction  length  for  the  absorption 

process  in  the  atomization  ICP  (cm)  . 


The  spectral  irradiance  of  the  source  ICP,  Exexc(A)  >  can 
be  taken  as  the  product  of  the  blackbody  spectral 
irradiance  at  wavelength  X,  and  at  the  source  ICP  emission 
temperature,  and  the  total  absorption  factor  which  is  a 
function  of  the  concentration  in  the  source  ICP  and  of 
its  emission  depth  in  the  direction  of  the  atomization 
ICP. 

By  observing  the  fluorescence  in  the  atomization 
ICP,  the  fluorescence  radiance  is  described  by. 


BF   " 


exc 


/absEX        (X){1    "    expQk£(X)g}dX 
/absU    -    expC-k£(X)f]}dX 


I' 


*/absk£(x)dx 


(4-2) 


/absEx        (X)(l    -    expQk£(X)gdX})  Vnf^ 


exc 


If   ,     kr(X)dX 
abs    f 
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Equation  4-2  is  equal  to  equation  4-1  multipled  by  a 
factor  that  takes  into  account  self -absorption  of 
fluorescence  occurring  in  the  atomization  ICP.   Here, 
A   (n££)  =   /{l  -  exp[}k£(X)ji]  }dX  is  the  total  absorption 
factor  for  the  fluorescence  in  the  atomization  ICP  where 
nf  is  the  atomization  ICP  atomic  concentration  and  ft  is 
the  (homogeneous)  fluorescence  depth.   Equation  4-2 
can  be  simplified  for  the  limiting  cases  of  line  and 
continuum  excitation  sources. 

Case  1:   The  ICP  Acts  as  a  Line  Source 


In  this  case,  kf(X)  can  be  considered  constant 
and  equal  to  its  peak  value,   kmax  •   If  nf  is  low> 
then  equation  4-2  reduces  to  equation  4-3: 


Bc  -{i  -  expQk  v  g>/E,    (X)dX         (4-3) 
F         ^  max£^    Xexc 


The  source  ICP  can  act  as  a  line  source  if  its  spectral 
emission  profile  is  narrower  than  the  absorption  profile 
in  the  atomization  ICP,  even  though  its  higher  tempera- 
ture would  seem  to  cause  Doppler  broadening  (see 
Chapter  II  regarding  the  temperature  of  the  ICP  using 
a  short  torch  versus  an  extended-sleeve  torch) . 
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Case  2:   The  ICP  Acts  as  a  Continuum  Source 

.  In  this  case,  at  high  atomic  concentrations  in 
the  source  ICP,  self-absorption  can  broaden  the  emission 
profile  to  such  an  extent  that  it  becomes  larger  than 
the  absorption  profile  in  the  atomization  ICP.   In  this 
case,  if  nf  is  low,  equation  4-2  reduces  to  equation  4-4 

BF  '   EX     (V  ;abs  {1  "  exp  E"kf  CX)  0>  dX  « 


'F   "X  ^"°y  'abs 

exc 

h  (Xo)  At  (nf  L) 

exc 


(4-4) 


where  Ex  (X  •)  is  the  constant  irradiance  of  the  source 

ICP  over  the  absorption  line  profile. 


Discussion  of  Both  Cases 

For  the  source  ICP  emission  curve  of  growth,  a 
limiting  slope  of  unity  at  low  atom  densities  and  a 
slope  of  0.5  at  high  atom  densities  can  be  expected  in 
the  absence  of  self -reversal . 

For  the  excitation  curve  of  growth  in  the  absence 
of  self -reversal ,  if  a  constant  low  concentration  of 
analyte  is  aspirated  into  the  atomization  ICP  and  the 
fluorescence  radiance  monitored  while  aspirating  increasing 
concentrations  into  the  source  ICP,  a  limiting  slope  of 
unity  for  low  atom  densities  and  a  slope  of  zero  at  high 
atom  densities  in  the  source  ICP  can  be  predicted.   If 
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self-reversal  does  occur,  a  negative  slope  will  be 
observed  in  the  experimental  plot. 

For  the  case  of  the  fluorescence  curve  of  growth, 
if  the  source  ICP  acts  as  a  line  source,  a  limiting 
slope  of  unity  will  be  observed  for  low  atom  densities 
in  the  atomization  ICP  and  a  slope  of  -0.5  for  high  atom 
densities.   This  would  indicate  that  the  source  ICP 
spectral  emission  profile  is  narrower  than  the  absorp- 
tion profile  in  the  atomization  ICP. 

If  the  source  ICP  acts  as  a  continuum  source, 
then  a  limiting  slope  of  unity  at  low  atom  densities 
in  the  atomization  ICP  and  a  slope  of  zero  at  high 
atom  densities  should  be  observed.   The  absence  of 
self-reversal  can  be  inferred  by  the  combined  observa- 
tion of  the  fluorescence  curve  of  growth  and  the 
excitation  curve  of  growth  obtained  under  the  same 
experimental  settings. 

These  results  have  been  previously  summarized 
(65)  and  can  be  obtained  from  equations  4-2,  4-3  and 
4-4  by  assuming  that  the  self -absorption  factor  for 
the  fluorescence  cannot  be  considered  negligible  and 
remembering  that  At  (n£  L)  and  At (n£  I)    vary  linearly  with 
nf  at  low  nf  values  and  with  n ,- 2  at  high  n£  values. 

Experimental 
Instrumentation 

A  block  diagram  of  the  experimental  system  is 
given  in  Figure  4-1. 
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The  source  ICP [Plasma-Therm  2500D,  Kresson,  NJ) 
utilized  a  conventional  short  torch  (Plasma-Therm  T  1.0) 
and  was  operated  at  2.0  kW  RF  power,  15  L  min"   plasma 
support  argon  flow  rate,  1.5  L  min   auxiliary  argon 
flow  rate  and  20  psig  nebulizing  gas  pressure.   A 
20  mg  mL~   analyte  excitation  solution  was  used.   Two 
exceptions,  however,  were  aluminum  and  sodium.   Aspira- 
tion of  20  mg  mL~   solutions  of  aluminum  and  sodium 
clogged  the  pneumatic  nebulizer  (Plasma-Therm  PN  5601) 
after  only  a  few  minutes  of  operation.   For  these  elements, 
a  10  mg  mL   excitation  solution  was  used  to  avoid  clogging, 

The  atomization   ICP  (Plasma-Therm  1500D)  utilized 
an  extended-sleeve  torch  (Baird  Corp.,  Bedford,  MA)  and 
was  operated  at  0.7  kW  for  the  atomic  lines  and  1.0  kW 
for  the  ionic  lines  of  non-refractory  elements,  as  well  as 
the  atomic  and  ionic  lines  of  refractory  and  rare  earth 
species.   The  exception  in  this  case  is  vanadium  for  which 
1 . 2  kW  was  used.   The  plasma  support  argon  flow  rate  was  15 
L  min   ,  no  auxiliary  flow  was  used  and  the  penumatic 
nebulizer  gas  pressure  was  35  psig  (J.E.  Meinhard  Assoc. 
T-230-A3,  Santa  Ana,  CA) .   The  observation  height  in  the 
atomization  ICP  for  the  atomic  lines  of  non-refractory 
elements  was  40  mm  above  the  top  of  the  extended-sleeve 
torch  (80  mm  above  the  load  coil  since  the  outer  sleeve  of 
the  torch  extends  for  40  mm  beyond  the  top  of  the  load 
coil).   The  observation  height  for  all  other  lines 
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was   20   mm   above  the  top  of  the  torch  (60  mm  above 
the  load  coil) . 

The  radiation  obtained  (between  10-30  mm  above 
the  load  coil)  by  aspirating  20  mg  mL   aqueous  solutions 
of  the  analyte  into  the  source  ICP.was  chopped  at  a 
frequency  of  550  Hz  (Rofin-Math  Assoc.  7500,  Great 
Neck,  NY)  and  focused  onto  the  atomization  ICP  through 
the  use  of  spherical  quartz  Sl-UV  grade  lenses  (50  mm 
diameter,  75  mm  focal  length) .   The  resultant  fluorescence 
was  observed  at  a  90  degree  angle  with  a  350  mm  focal 
length  monochromator  (Heath  Co.  EU-700;  now  GCA  Corp., 
McPherson  Instruments,   Acton,  MA).   The  entrance  and 
exit  slit  widths  were  1  mm  and  the  slit  height  was  10  mm. 
The  photomultiplier  tube  (Hamamatsu,  Inc.  R928,  Middlesex, 
NJ)  was  operated  at  -1000V  (Pacific  Precision  Instruments 
HV  Supply,  Concord,  CA) ,  the  output  of  which  was  pre- 
amplified  (Keithley  Instruments,  Inc.  427,  Cleveland,  OH) 
and  fed  to  a  lock- in  amplifier  (Ithaco,  Inc.  Dynatrac 
391,  Ithaca,  NY)  and  then  to  a  laboratory-constructed 
integrator.   The  10s  integrations  were  displayed  on  a 
digital  voltmeter  (John  Fluke  Mfg.  Co.,  Inc.  8000A, 
Seattle,  WA) .   For  the  spectral  interference  study,  the 
output  of  the  lock- in  was  fed  to  a  chart  recorder 
(Fisher  Scientific  Co.  5000,  Pittsburgh,  PA).   Neutral 
density  filters  allowed  verification  of  the  linearity 
of  the  fluorescence  and  emission  photomultiplier  response. 
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Chemicals 

Stock  solutions  of  20  mg  mL   were  prepared  from 
the  pure  metal  when  possible  or  from  reagent  grade 
chemicals,  dissolved  in  the  minimum  amount  of  acid  and 
successively  diluted  with  distilled/deionized  water. 

Results  and  Discussion 


Vertical  Distributions  of  Atomic  and  Ionic  Fluorescence 
Intensities 


In  Figure  4-2,  vertical  distributions  are  given 
for  zinc  atomic  and  calcium  ionic  fluorescence  intensities 
The  fluorescence  intensity  at  5  mm  above  the  top  of  the 
extended-sleeve  torch  was  taken  to  be  the  same  for  both 
elements.   However,  the  signal-to-noise  ratio  was  found 
to  be  poor  at  this  height.   Consequently,  an  observation 
height  of  40  mm  above  the  top  of  the  extended-sleeve 
torch  (80  mm  above  the  load  coil)  was  adopted  for  zinc 
and  was  also  found  to  be  optimal  for  the  other  atomic 
lines  of  non-refractory  elements.   It  can  be  seen  from 
Figure  4-2  that  beyond  80  mm  above  the  load  coil,  the  zinc 
fluorescence  intensity  drops  off  rapidly  due  to  quenching 
by  air  entrainment  in  the  plasma  (see  Chapter  II). 

For  all  other  lines,  a  20  mm  observation  height 
above  the  top  of  the  extended-sleeve  torch  (60  mm 
above  the  load  coil)  was  found  to  be  optimal. 
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Above  this  height,  the  fluorescence  intensity  for  these 
lines  becomes  very  weak  due  to  the  decrease  in  tempera- 
ture of  the  plasma  and  air  entrainment  (see  Chapter  II). 

Analytical  Curves  of  Growth 

In  Figures  4-3  and  4-4,  the  excitation  and 
emission  curves  of  growth  for  zinc  and  calcium  are 
shown.   As  has  been  previously  shown  for  both  elements 
in  ICP-excited  flame-AFS  (65),  the  excitation  curves 
of  growth  yield  a  limiting  slope  of  unity  at  low  atom 
densities  in  the  source  ICP  and  a  slope  approaching 
zero  at  high  atom  densities.   Also,  the  emission  curves 
of  growth  for  both  elements  yield  a  limiting  slope  of 
unity  at  low  atom  densities  in  the  source  ICP  and  a  slope 
of  0.5  at  high  atom  densities.   The  limiting  slopes  of 
Figures  4-3  and  4-4  agree  well  with  theory  (65)  and 
show  that  self-reversal  is  absent  in  the  ICP  under  the 
conditions  used  in  this  study.   In  Figure  4-5,  fluores- 
cence analytical   curves  of  growth  are  given  for  zinc 
and  calcium;  these  curves  show  that  at  low  atom  densities 
in  the  atomiz.ation  ICP,  a  limiting  slope  of  unity  is 
obtained  while  at  high  atom  densities  a  slope  of  -0.5 
is  obtained.   According  to  theory  (65)  ,  the  source  ICP 
is  acting  as  a  "line"  excitation  source  compared  to  the 
absorption  profile  in  the  atomization  ICP,  even  though 
the  higher  temperature  of  the  source  ICP  (2.0  kW  RF 


88 

power,  short  torch)  would  seem  to  cause  the  Doppler 
half-width  to  be  larger  than  that  of  the  cooler  atomiza- 
tion  ICP  (<  1.2  kW  RF  power,  extended-sleeve  torch). 
It  has  been  previously  shown  (see  Chapter  II)  that  the 
temperature  of  the  plasma  using  an  extended-sleeve 
torch  is  about  1000-1500K  less  than  the  plasma  using 
a  short  torch,  depending  on  the  RF  power  and  observation 
height. 

The  temperatures  of  the  plasma  were  obtained  at 
the  two  heights  and  three  RF  powers  used  in  this  study 
from  a  three-line  slope  calculation  using  iron  atomic 
emission  Lines  at  382.0,  382.4  and  382.6  nm.   Spectral 
data  with  respect  to  these  lines  have  been  summarized 
previously  (33).   The  temperatures  were  found  to  be: 
(i)  3290K  (0.7  kW,  40  mm  observation  height  above  top 
of  extended-sleeve  torch);  (ii)  3540  K  (1.0  kW,  20  mm 
observation  height);  and  (iii)  3810  K  (1.2  kW,  20  mm 
observation  height) . 

Limits  of  Detection 


As  shown  in  Table  4-1,  limits  of  detection  for 
many  of  the  elements  investigated  are  within  one  order 
of  magnitude  for  the  best  reported  detection  limits 
using  the  ICP  as  an  excitation  source  for  flame-AFS  (7) . 
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Interelement  Effects 

In  Figure  4-6,  some  chemical  interferences  observed 
on  calcium  ionic  fluorescence  at  393.4  nm  are  shown 
(atomization  ICP   1.0  kW,  20  mm  observation  height  above 
top  of  extended-sleeve  torch) .   It  can  be  seen  from 
Figure  4-6  that  there  is  an  enhancement  in  calcium  ionic 
fluorescence  intensity  with  the  addition  of  aluminum  and 
sodium,  possibly  due  to  a  change  in  the  atom  and  ion 
distributions  in  the  plasma  (42) .   Similar  enhancements 
with  the  addition  of  sodium  were  observed  at  high  carrier 
argon  flow  rates  (>1.0  L  min   )  at  15  mm  above  the  load 
coil  with  a  conventional  short  torch  in  the  ICP  (33) . 
The  signal  suppression  at  high  aluminum  concentrations  is 
primarily  due  to  the  increase  in  sample  solution  viscosity 
(2,  3). 

In  combustion  flames,  the  presence  of  phosphorus 
sometimes  results  in  the  formation  of  refractory  compounds, 
causing' a  consequent  decrease  in  the  fluorescence  signal. 
In  Figure  4-6,  the  effect  of  the  presence  of  phosphorus 
on  calcium  ionic  fluorescence  intensity  is  shown.   The 
intensity  was  slightly  suppressed  by  the  presence  of 
phosphorus,  being  due  mostly  to  the  increase  in  sample 
solution  viscosity  (2,  3)-. 
Spectral  Interferences 

One  of  the  advantages  in  ICP-ICP-AFS  should  be 
relative  freedom  from  spectral  interferences  due  to  the 
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narrow  spectral  bandwidth  of  spectral  lines  in  the  ICP. 
Three  cases  of  spectral  overlap  were  investigated: 
(i)  Zn  (213.856  nm)  and  Cu  (213.853  nm) ;  (ii)  Yb  (369.419 
nm)  and  Sm  (369.399,  369.430  nm) ;  and  (iii)  Co  (231.160 
nm)  and  Ni  (231.096,  231.234  nm) .   The  results  obtained 
are  summarized  in  Table  4-2. 

Difficulty  is  encountered  in  the  measurement  of 
zinc  in  a  copper  matrix  by  atomic  absorption  or  ICP-AES 
since  the  zinc  resonance  line  at  213.856  nm  is  subject 
to  direct  interference  from  the  copper  non-resonance 
line  at  213.853  nm.   This  interference  has  been  reported 
(66)  for  flame  atomic  absorption  analysis  and  requires 
elaborate  procedures  to  remove  the  copper  prior  to 
analysis.   Even  with  an  echelle  spectrometer  (spectral 
bandpass  =  0.003  nm) ,  this  line  pair  has  been  shown  to 
exhibit  an  overlap  (67) . 

The  measurement  of  a  10  yg  mL   Zn  solution  in 
a  5000  yg  mL"   Cu  matrix  using  a  20  mg  mL   Zn  solution 
for  excitation  resulted  in  no  significant  excitation  of 
copper  fluorescence  using  a  monochromator  spectral 
bandpass  of  2  nm.   In  addition  to  the  line  radiation 
emitted  by  the  source  ICP,  the  copper  non-resonance 
transition  at  213.853  (11203-57949  cm"1)  is  difficult 
to  excite  due  to  the  high  excited  lower  level  of  this 
transition. 
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Ytterbium  and  samarium  are  also  subject  to 
spectral  interference  problems.   As  shown  in  Figure 
4-7,  emission  spectral  lines  at  Yb(II)  369.419  nm  and 
Sm(II)  369.399  nm  overlap.   In  this  case,  a  100  yg  mL 
Yb  solution  containing  a  1000  yg  mL   Sm  matrix  was 
excited  by  the  radiation  emitted  by  a  20  mg  mL   Yb 
solution  in  the  source  ICP.   No  observable  difference  in 
fluorescence  intensity  was  seen  between  this  solution 
and  a  100  yg  mL   Yb  solution  while  using  a  monochromator 
spectral  bandpass  of  2  nm.   The  only  observable  difference 
was  the  increase  in  the  background  noise  level  due  to 
the  Sm  matrix  solution. 

Lastly,  nickel  and  cobalt  are  subject  to  spectral 
interference  problems  in  the  wavelength  region  of  231  nm. 
The  radiation  emitted  from  the  source  ICP  while  aspirating 
a  20  mg  mL"   solution  of  cobalt  was  used  to  excite  a 
solution  containing  1000  yg  mL"   Co  and  1000  yg  mL   Ni . 
On  the  other  hand,  the  radiation  emited  from  a  20  mg  mL 
Ni  solution  was  also  used  to  excite  this  same  solution. 
As  can  be  seen  from  Table  4-2,  no  significant  excita- 
tion of  nickel  fluorescence  results  when  cobalt  excita- 
tion is  used  and  conversely,  no  significant  fluorescence 
of  cobalt  is  seen  with  nickel  excitation.   Also,  Figure 
4-8  shows  the  simplified  fluorescence  spectra  obtained 
with  a  monochromator  spectral  bandpass  of  1  nm. 
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Noise  Considerations  and  Scatter  Interferences 

In  order  to  determine  the  principle  source  of 
noise  in  this  technique  and  to  see  if  scattered  radia- 
tion from  the  source  ICP  was  present,  a  noise  study- 
was  carried  out  for  zinc  at  213.9  nm  and  sodium  at 
589.0  nm  in  order  to  obtain  an  estimate  of  noise  in 
the  ultraviolet  and  visible  regions  of  the  spectrum. 

The  analytical  precision  (4s  lock-in  time  constant, 
10s  integration  time,  using  16  consecutive  readings)  for 
the  measurement  of  high  concentration  solutions  was  on 
the  order  of  1%   for  zinc  and  10%  for  sodium  and  was 
limited  to  some  extent  by  the  source  ICP  stability. 
Other  researchers  (39,  68)  have  reported  the  ICP 
precision  to  be  limited  by  the  fluctuations  in  sample 
transport  and  nebulization  to  about  1%  .      The  long-term 
stability  of  the  ICP  provides  an  advantage  over  other 
sources  used  for  AFS  such  as  electrodeless  discharge 
lamps,  which  must  be  carefully  thermostated  (69)  and 
the  Eimac  short-arc  xenon  lamp  (70)  which  has  a  lower 
intensity  in  the  ultraviolet.   Also,  there  was  no 
significant  difference  in  the  precision  when  the 
measurements  for  zinc  and  sodium  were  carried  out  in  a 
matrix  containing  10  mg  mL   calcium.   However,  there 
was  an  increase  in  scattered  radiation. 

The  precision  for  the  measurement  of  low  concen- 
tration solutions  was  about  3-4  times  worse  than  that 
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for  high  concentration  solutions.   The  scatter  signal 
due  to  the  calcium  matrix  at  the  zinc  and  sodium  lines 
resulted  in  a  2-5  times  increase  in  signal  over  the 
blank  level,  respectively.   Even  though  scatter  was 
observed  due  to  the  calcium  matrix,  it  did  not  act  as 
a  significant  noise  source  (precision  for  the  low  concen- 
tration measurements  is  about  the  same  with  and  without 
the  10  mg  mL~   calcium  matrix).   Consequently,  if  present, 
scatter  can  be  subtracted  out  by  using  the  two-line 
technique  (66)  ,  assuming  that  the  scatter  level  does 
not  change  appreciably  in  the  vicinity  of  the  atomic 
fluorescence  line. 

Conclusions 

While  the  fluorescence  detection  system  is  well- 
optimized  for  a  background  shot-noise  limited  system, 
the  optical  transfer  of  radiation  from  the  source  ICP 
to  the  atomization  ICP  could  be  improved  by  at  least  an 
order  of  magnitude  through  the  use  of  an  ellipsoidal 
reflector  (71,  72)  placed  behind  the  plasma  to  collect 
a  much  larger  solid  angle  of  emission.   Indeed,  based 
upon  solid  angle  considerations,  less  than  1%   of  the 
source  radiation  is  presently  being  collected  using 
50  mm  diameter  lenses.   Also,  a  mirror  placed  behind  the 
atomization  ICP  in  the  direction  of  the  fluorescence 
monochromator  could  be  expected  to  improve  detection 
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powers  by  two  times  and  aspiration  of  higher  concentra- 
tion excitation  solutions  could  also  be  used  to  increase 
the  source  intensity  in  some  cases.   However,  clogging 
of  the  nebulizer  and  aerosol  tube  of  the  torch  may  result, 
as  was  noticed  in  this  work  for  aluminum  and  sodium. 
The  use  of  demountable  torches  with  large  diameter 
aerosol  tubes  might  improve  the  situation. 

Demers  (73)  has  shown  that  for  the  HCL-ICP-AFS 
system  (Baird  Corp.,  Bedford,  MA)  the  introduction  of 
propane  into  the  ICP  has  improved  detection  powers  for 
the  refractory  elements.   It  could  be  expected,  then, 
that  the  detection  powers  for  ICP-ICP-AFS  may  be  improved 
by  the  introduction  of  propane  into  the  atomization  ICP. 
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Table  4-1.   Detection  Limits  for  ICP-ICP-AFS  and 
ICP-flame-AFS. 


Species     Wavelength   ICP-ICP-AFS 

(nm)      LOD  (nm  mL"1)1 


Al( 

;i) 

Ca( 

:d 

Ca( 

:n) 

Col 

;i) 

Co( 

;n) 

Cr( 

:d 

Crl 

;n) 

Cul 

:d 

Fe| 

[I)' 

Fel 

;n) 

Mn 

;i) 

Mn 

;n) 

Mo  ( 

;i) 

Mo 

[ID 

Na 

-i) 

Nd 

;ii) 

Ni 

'i) 

Ni 

[ii) 

Sm 

[ii) 

Tb 

[ii) 

VC 

o 

V(] 

ti) 

Yb 

[i) 

Yb 

[ii) 

Zn 

[i) 

Zn 

[ii) 

ICP-flame-AFS' 
LOD  (ng  mL-1) 


309.271 

8000 

422.673 

60 

393.366 

2 

240.725 

100 

228.616 

300 

357.869 

900 

205.552 

2000 

324.754 

30 

248.327 

200 

259.940 

100 

279.827 

70 

257.610 

1 

386.411 

1000 

202.030 

20,000 

588.995 

100 

430.358 

N.D. 

232.003 

100 

231.604 

100 

363.429 

30,000 

350.917 

N.D. 

318.398 

8000 

309.311 

1000 

398.799 

100 

369.419 

200 

213.856 

4 

206.200 

600 

1000 
4 

11 

2 

2 

6 


400 


0.5 


'Limit  of  detection. 


'Reported  by  Epstein  e_t  al_.  (7) 


Not  detectable. 
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Figure  4-2 


Vertical  distributions  of  fluorescence 
intensities  for  zinc  and  calcium.  RF 
powers:   2.0  kW  source  ICP   0.7  kW  (Zn) 
and  1.0  kW  (Ca)  atomization  ICP. 
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Figure  4-3. 


Excitation  and  emission  curves  of  growth 
for  zinc  atom  at  213.9  nm.   Observation 
height:   40  mm  above  the  top  of  the 
extended-sleeve  torch  for  excitation  (80 
mm  above  the  load  coil)  ;  20  mm  above  the 
load  coil  using  the  conventional  short 
torch  for  emission;  1  yg/mL  zinc  aspirated 
into  atomization  ICP.   RF  powers:   2.0  kW 
source  ICP,  0.7  kW  atomization  ICP. 
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Figure   4-4 


Excitation  and  emission  curves  of  growth 
for  calcium  ion  at  393.4  nm.   Observation 
height:   20  mm  above  the  top  of  the 
extended-sleeve  torch  for  excitation  (60 
mm  above  the  load  coil)  ;  20  mm  above  the 
load  coil  using  the  conventional  short 
torch  for  emission;  1  ug/mL  calcium 
aspirated   into  atomization  ICP.   RF 
powers:   2.0  kW  source  ICP,  0.7  kW 
atomization  ICP. 
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Figure  4-5 


Analytical  curves  of  growth  for  calcium  and 
zinc.   Observation  height:   20  mm  (Ca)  and 
40  mm  (Zn)  above  the  top  of  the  extended- 
sleeve  torch  (60  mm  and  80  mm  above  the  load 
coil,  respectively);  20  mg/mL  analyte 
aspirated  into  source  ICP.   RF  powers:   2.0 
kW  source  ICP,  1.0  kW  (Ca)  and  0.7  kW  (Zn) 
atomization  ICP. 
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Figure   4-6 


Effect  of  coexisting  aluminum,  sodium  and 
phosphorus  on  resonance  fluorescence  inten- 
sities for  calcium  ion  at  393.4  nm. 
Observation  height:   20  mm  above  the  top 
of  the  extended-sleeve  torch  (60  mm  above 
the  load  coil).   RF  powers:   2.0  kW  source 
ICP,  1.0  kW  atomization  ICP. 
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Figure  4-7 


Fluorescence  and  emission  spectra  for  100 
Ug/mL  ytterbium  and  1000  ug/mL  samarium. 
Observation  height:   20  mm  above  the  top 
of  the  extended-sleeve  torch  (60  mm  above 
the  load  coil).   RF  powers:   2.0  kW  source 
ICP,  1.0  kW  atomization  ICP.   Spectral 
bandpass:   2  nm  (fluorescence),  0.04  nm 
(emission) . 
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EXCITATION: 
2%    COBALT 


EXCITATION 
2%    NICKEL 


Figure  4-8. 


Fluorescence  spectra  for  a  1000  ug/mL  cobalt- 
1000  ug/mL  nickel  solution.   Observation 
height:   40  mm  above  the  top  of  the  extended- 
sleeve  torch  (80  mm  above  the  load  coil)  . 
RF  powers:   2.0  kW  source  ICP,  0.7  kW 
atomization  ICP.   Spectral  bandpass:   1  nm. 


CHAPTER  V 
FINAL  COMMENTS  AND  SUMMARY 


At  the  outset  of  this  work,  some  specific  objectives 
were  outlined.   A  summary  of  the  results  obtained  and 
conclusions  reached  will  be  given  in  this  chapter. 

For  the  laser-excited  ICP-AFS  technique,  the  prin- 
ciple factor  affecting  the  fluorescence  sensitivity  seems 
to  be  the  spontaneous  transition  probability  (Einstein 
coefficient  of  spontaneous  emission)  value  of  the  fluorescence 
line.   The  second  factor  appears  to  be  the  energy  difference 
of  the  upper  levels  between  the  laser-excited  and  fluorescence 
lines.   The  maximum  value  of  the  energy  difference  for 
which  thermally-assisted  fluorescence  can  be  observed  is 
about  1.2  eV  even  if  the  spontaneous  .transition  probability 
of  the  thermally-assisted  level  is  high.   A  plot  of  the 
redistribution  of  thermally-assisted  fluorescence  for 
yttrium  using  laser  excitation  at  383.288  nm  does  not 
follow  a  Boltzmann  distribution.   The  radiatively-excited 
level  is  overpopulated,  and  the  other  levels  do  not  follow 
a  Boltzmannian  distribution  with  a  reasonable  temperature 
for  the  negative  slope  points.   Consequently,  the  technique 
of  thermally-assisted  fluorescence  is  not  well-suited  for 
temperature  measurements  in  the  ICP.   The  RF  power  has  a 
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significant  effect  on  the  fluorescence  intensities  observed 
and  the  excitation  temperatures  of  the  plasma.   In  general, 
atomic  lines  of  non-refractory  elements  are  best  observed 
at  low  RF  powers  (~0.7  kW) ,  ionic  lines  of  non-refractory 
species  and  atomic  lines  of  refractory  species  at  approxi- 
mately 1.0  kW  and  lines  of  species  which  exhibit  excited- 
state  fluorescence  at  powers  of  >   1.2  kW.   High  carrier 
argon  flow  rates  (~  1.2  L  min"  )  should  be  used  for 
fluorescence  excited  from  the  ground-state,  since  this  will 
increase  the  analyte  transport  rate  into  the  plasma  and 
also  decrease  the  plasma  temperature.   With  a  decrease  in 
plasma  temperature,  an  increase  in  the  ground-state  popula- 
tion can  be  achieved  and  consequently,  an  increase  in 
fluorescence  signals.   For  excited-state  fluorescence,  a 
lower  carrier  argon  flow  rate  (~  0.9  L  min   )  should  be 
used  in  order  to  avoid  decreasing  the  temperature  of  the 
plasma  and  thus,  depopulating  the  excited-state  level  from 
which  laser  excitation  occurs.   The  temperature  of  the 
plasma  using  an  extended-sleeve  torch  is  approximately 
1000-1500K  less  than  the  temperature  obtainable  with  a 
conventional  short  torch,  and  varies  from  -  3000-3800K 
depending  on  the  RF  power  and  observation  height.   Chemical 
interferences,  such  as  refractory  compound  formation, 
aerosol  ionic  redistribution  effects  and  ionization 
interferences  do  exist  in  the  ICP.   It  is  therefore 
necessary  to  optimize  carefully  the  RF  power  and  carrier 
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argon  flow  rate  to  minimize  these  effects.   On  the  other 
hand,  spectral  interferences  are  not  present  in  the  laser- 
excited  ICP-AFS  technique.   The  ICP  is  a  high  quantum 
efficiency  atomization/ionization  cell.   The  extended- 
sleeve  torch  exhibits  resistance  to  quenching  by  air  entrain- 
ment  in  the  plasma  up   to  a  height  of  approximately  40  mm 
above  the  top  of  the  torch  (80  mm  above  the  load  coil) . 
Conversely,  the  quantum  efficiency  using  a  conventional 
short  torch  drops  off  rapidly  with  increase  in  observa- 
tion height  due  to  air  entrainment.   The  quantum  efficiency 
for  a  particular  species  is  also  dependent  on  the  number 
of  energy  levels  near  the  laser-excited  level.   In  general, 
the  more  energy  levels  near  the  laser-excited  level,  the 
shorter  the  lifetime  and  smaller  the  quantum  efficiency, 
due  to  collisional  mixing  of  the  levels  near  the  radiatively- 
excited  level.   The  extended-sleeve  torch  should  be  utilized 
for  all  fluorescence  lines  except  excited-state  fluorescence, 
due  to  the  resistance  of  quenching  by  air  entrainment  and 
lower  background  emission.   On  the  other  hand,  the  conven- 
tional short  torch  should  be  utilized  for  excited-state 
fluorescence  owing  to  the  higher  temperature  obtainable 
with  this  torch.    The  optimal  observation  region  in  the 
plasma  for  excited-state  fluorescence  using  the  short 
torch  is  located  10  mm  above  the  load  coil  while  for  all 
other  lines,  an  observation  height  of  10  mm  above  the  top 
of  the  extended-sleeve  torch  (50  mm  above  the  load  coil) 
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should  be  used.   An  expanded  dye  laser  beam  (~  10  mm 
diameter)  is  also  beneficial  for  increasing  fluorescence 
signal  intensities. 

The  ICP  is  useful  as  an  excitation  source  for 
AFS  studies  and  can  be  adapted  for  multielement  analysis. 
For  the  ICP-ICP-AFS  technique,  the  optimal  observation 
region  in  the  atomization  ICP  for  atomic  lines  of  non- 
refractory  elements  is  located  40  mm  above  the  top  of  the 
extended-sleeve  torch  (80  mm  above  the  load  coil)  while 
that  for  all  other  lines  is  20  mm  above  the  top  of  the 
torch  (60  mm  above  the  load  coil) .   The  detection  powers 
are  suitable  for  trace  element  analysis  without  spectral 
interference.   Aerosol  ionic  redistribution  effects  are 
observed  for  calcium  fluorescence  in  the  presence  of  sodium 
and  aluminum.   Consequently,  the  RF  power  and  carrier 
argon  flow  rate  must  be  optimized  carefully  to  minimize 
these  effects.   The  analytical  precision  for  the  ICP-ICP-AFS 
technique  is  limited  to  some  extent  by  the  source  ICP 
stability,  and  scatter  due  to  a  high  concentration  calcium 
matrix  is  not  a  significant  noise  source.   Clogging  of 
the  nebulizer  and  aerosol  tube  of  the  torch  in  the  source 
ICP  occurs  in  some  cases  using  2%   excitation  solutions. 
The  use  of  a  demountable  torch  with  a  large  diameter 
aerosol  tube  might  improve  the  situation.   Lastly,  the 
collection  of  a  larger  solid  angle  of  emission  from  the 
source  ICP,  the  placement  of  a  mirror  behind  the  atomization 
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ICP  in  the  direction  of  the  fluorescence  monochromator 
and  the  introduction  of  propane  into  the  plasma  to  obtain 
a  reducing  atmosphere  and  decrease  formation  of  oxides, 
could  be  expected  to  improve  the  detection  powers. 
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APPENDIX 
GLOSSARY  OF  ACRONYMS 


AAS 

AES 

AFS 

EDL 

FWHM 

HCL 

ICP 

LEAFS 

LOD 

LTE 

RF 

SNR 

VAEI 


atomic  absorption  spectrometry 

atomic  emission  spectrometry 

atomic  fluorescence  spectrometry 

electrodeless  discharge  lamp 

full  width  at  half-maximum 

hollow  cathode  lamp 

inductively  coupled  plasma 

laser-excited  atomic  fluorescence  spectrometry 

limit  of  detection 

local  thermodynamic  equilibrium 

radio -frequency 

signal-to-noise  ratio 

vaporization,  atomization,  excitation,  ionization 
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